Friction

Research Article

Study of lubricating nanocoatings for cardiovascular catheters
based on molecular self-assembly and Schiff base reactions

34,5

Chengxiong Lin"****, Huilu Yuan™*, Chengyong Wang****

Cite this article: Lin CX, Yuan HL, Wang CY. Friction2026, 14:9441201. https://doi.org/10.26599/FRICT.2025.9441201

ABSTRACT: During cardiovascular interventional surgeries, catheters

come into mechanical contact with vascular tissues, resulting in friction, Yy {Q/; e
collisions, and compression that can damage the tissue. To address this, W\%ZN Blocnmpullble
surface engineering is essential for modifying the catheter surface. Effective <& “:?'.'.",:f:m
catheter coatings require high adhesion strength to prevent peeling or — ’

delamination from the inner surface, whereas the outer surface must
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nanoscale, superhydrophilic, strongly adhesive, and biocompatible coating
on cardiovascular catheters. Tight binding of CC and DOHA results from
electrostatic interactions, chemical reactions, and catechol group enrichment, yielding an adhesion strength of up to 1 MPa. These
CC/DOHA multilayers greatly enhance the lubrication performance of the TPU substrate, reducing the coefficient of friction (COF)
by up to 95% compared with that of the uncoated state. After a 30-min friction test, the COF of the CC/DOHA, 4 coating only slightly
increased from 0.032 to 0.044, demonstrating excellent stability. Evaluations revealed a reduction in vascular intima damage from
grade 5 without coating to grade 3, confirming the effectiveness of the coating in minimizing friction-induced damage.

Nano-coatings for cardiovascular catheters based on molecular self-assembly and Schiff base reaction

KEYWORDS: vascular catheter; layer-by-layer (LbL) adsorption; lubrication; adhesion strength

of catheters include hydrophilic polymers. Examples include
polyvinylpyrrolidone (PVP) [15], polyethylene glycol (PEG) [16],
polyvinyl alcohol (PVA) [17], natural polysaccharides [18], and
their composites [19]. When used as medical coatings, hydrogels
typically have limited adhesion and stability to solid surfaces. This

1 Introduction

Vascular interventional surgery uses specialized instruments,
including catheters and guidewires, to treat cardiovascular
diseases. This approach results in minimal trauma, high precision,

a wide range of applications, simple operation, and quick
recovery, making it the primary treatment for vascular diseases
[1-4]. Among them, vascular interventional catheters refer to
flexible hollow tubes that can be inserted into blood vessels.
Currently, both the inner and outer layers of catheter materials are
composed primarily of polymer materials [5], including
polytetrafluoroethylene, polyethylene, polyamide, nylon, and
polyvinyl chloride. These polymer materials are hydrophobic and
generate considerable resistance when in contact with the complex
vascular system, which may easily scratch the vascular tissue and
cause mechanical friction-related damage [6—8]. Therefore,
surface engineering is needed to modify catheter materials and
reduce tissue injury [9-14].

Materials commonly used for surface lubrication modification

is especially true when fully expanded. As a result, hydrogel
coatings may separate from the catheter surface. If this happens,
their lubricating and biocompatibility effects are lost. Coating
fragments may also cause tissue reactions, thrombosis, or serious
adverse events such as myocardial embolism, thrombotic stroke,
tissue necrosis, or death [20-24]. Studies have shown that the
particle diameters affecting vascular embolism range from 15 to
200 um. To prevent coating shedding, the catheter coating
thickness should be kept below 15 pm [25]. Thus, improving the
adhesion strength of coating materials and reducing their
thickness have become key research focuses [26].

Methods for enhancing the adhesion strength of coatings can
be learned from nature. Some marine organisms secrete proteins
that allow them to adhere firmly to underwater surfaces. For
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example, mussels secrete mussel adhesive protein [27], sandcastle
worms secrete Pc-1 adhesion proteins [28], and barnacles secrete
cement proteins [29]. The catechol groups in these proteins are
mainly responsible for strong adhesion. Therefore, small
molecules with catechol groups, such as dopamine, tannic acid,
and 3,4-dihydroxyphenylpropionic acid (dihydrocaffeic acid), are
often used to make bioadhesive materials [30]. Wan et al. [31]
modified hyaluronic acid with polydopamine to increase adhesion
and grafted polyethylene glycol at different substitution levels. The
grafting ratio of polyethylene glycol affects the coefficient of
fricion (COF) and frictional energy dissipation at the
catheter-blood vessel interface. Song et al. [32] modified catheter
and stent materials with dopamine and mucin, improving their
wettability, wear resistance, and ability to inhibit cell adhesion.
Song et al. [12] constructed high-density sulfobetaine zwitterionic
polymer brushes on catheters using dopamine and sodium
alginate as intermediate layers. These brushes achieved long-
lasting lubricity (4 < 0.0078) and, after 4 h of implantation in
rabbits, exhibited no bioadhesion or thrombosis without the use
of anticoagulants.

To reduce the coating thickness, Parada et al. [33, 34] created
an ultrathin hydrogel coating on polyvinyl chloride tubes. In vitro
and in vivo tests revealed that this coating reduced bacterial
adhesion and prevented blood clot formation in the tubes. It does
not affect blood coagulation ability. Electrostatic self-assembly is a
fine coating technique. It achieves nanometer thickness through
layer-by-layer (LbL) adsorption of oppositely charged polymers
[35, 36]. Sunny et al. [37] prepared a nanoscale self-cleaning
surface via IbL deposition of negatively charged silica
nanoparticles and positively charged polyelectrolytes. Four or
more LbL cycles created enough roughness to trap lubricant
within the nanoporous coating. This provided a stable liquid
interface that repelled water, low-surface-tension liquids, and
complex fluids. Our group previously deposited polylysine/
hyaluronic acid and chitosan/hyaluronic acid coatings on
catheters via electrostatic self-assembly. This nanoscale coating
significantly reduced the COF between the catheter and the vessel.
Adding more layers further reduces arterial injury [38, 39].
However, the stability of nanocoatings cannot be directly and
quantitatively measured. This ability is mainly judged indirectly by
the stability of the liquid environment or anti-friction
performance, thus demonstrating the safety and performance of
the coatings.

In summary, creating an effective vascular catheter coating
requires high adhesion strength to prevent peeling or
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delamination from the inner surface and good lubricity and
biocompatibility on the outer surface. Consequently, designing a
safe, ultrathin, low-damage, low-friction, and high-
biocompatibility coating is crucial for reducing vascular injury and
improving catheter materials. This study addresses these goals by
grafting catechol groups onto the natural macromolecules
chitosan (catechol-modified chitosan, CC) and hyaluronic acid
(dopamine-modified oxidized hyaluronic acid, DOHA) to
increase interfacial adhesion and multilayer stability. Building on
LbL electrostatic self-assembly, we oxidize hyaluronic acid to
aldehyde groups that react with the amino groups of chitosan via
a Schiff base reaction, further optimizing the safety and stability of
the coating. The resulting superhydrophilic, low-friction, and high-
adhesion nanocoating for cardiovascular catheters (Fig. 1) aims to
advance catheter modification for clinical application.

2 Materials and methods

2.1 Synthesis of CCand DOHA

Synthesis of CC. CC was generated by grafting 34-
dihydroxyphenylacetic acid (HCA; Sigma-Aldrich, CAS number:
1078-61-1) onto chitosan (CHI; Sigma-Aldrich, CAS number:
9012-76-4) through an amide reaction. The detailed preparation
steps were as follows [40]: 3.25 mmol of CHI was dissolved in
50 mL of 0.1 M dilute hydrochloric acid solution. The mixed
solution was stirred evenly, and its pH was then adjusted to
45-50 with a NaOH solution. HCA (1.65 mmol) was
subsequently dissolved in 6 mL of ultrapure water and added to
the above solution. EDC (1.65 mmol) was dissolved in 50 mL of a
1:1 (v/v) mixture of ultrapure water and anhydrous ethanol and
then added to the above mixture. The reaction mixture was stirred
vigorously in the dark at room temperature for 10 h, and the pH
was maintained between 4.5 and 5.0. Finally, the solution was
subjected to dialysis via a dialysis bag (molecular weight cutoff of
3,500 Da) in an ultrapure water solution with a pH of 5.0 for
3 d. The product was freeze-dried and stored in a vacuum
desiccator.

Synthesis of DOHA. The synthesis of DOHA involves two
steps. First, hyaluronic acid (HA; Sigma-Aldrich, CAS number:
9067-32-7) was oxidized to convert the adjacent hydroxyl groups
of HA into aldehyde groups. The carboxyl group of dopamine
then reacts with the aldehyde group through a Schiff base reaction
to graft the catechol group onto HA. Eventually, DOHA was
obtained. The specific steps were as follows: 2.5 mmol of HA was
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Fig.1 Schematic diagram of LbL lubricating nanocoatings for cardiovascular catheters based on molecular self-assembly and Schiff base reactions.
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dissolved in 100 mL of ultrapure water and stirred evenly to
obtain a uniform solution with a concentration of 10 mg/mL. A
total of 1.5 mmol of sodium periodate (NalO,; Sigma-Aldrich,
CAS number: 7790-28-5) was dissolved in 5 mL of ultrapure
water and then added dropwise to the HA solution with a molar
ratio of NalO, to HA of 3:5. After stirring in a dark environment
at room temperature for 2 h, 0.5 mL of ethylene glycol was added
to terminate the reaction. The solution was subjected to dialysis
via a dialysis bag (8,000 Da) in an ultrapure water solution for
3 d, and the ultrapure water was replaced three times a day.
Finally, the product of oxidized hyaluronic acid (OHA) was freeze-
dried and stored in a desiccator.

Then, 40 mg of OHA was dissolved in 8 mL of PBS, and the
pH was adjusted to 4.5-5.0 with hydrochloric acid. Then, 13.5 mg
of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
hydrochloride (EDC; Sigma-Aldrich, CAS number: 1892-57-5)
and 19 mg of dopamine (Sigma-Aldrich, CAS number: 62-31-7)
were added, maintaining the pH at 5.0. The mixture was stirred at
room temperature in the dark for 8 h. The product was dialyzed
for 3 days in ultrapure water with a pH of 5.0 using a dialysis bag
(3,500 Da) to remove unreacted substances. Finally, the DOHA
product was freeze-dried and stored in a desiccator for further use.

Chemical structure characterization. Multiple methods were
adopted to characterize and verify the material modifications,
including Fourier transform infrared spectroscopy (FTIR Nexus
670, Thermo Nicolet, USA), hydrogen nuclear magnetic
resonance (H-NMR, Avance NEO 400 MHz, Bruker, Germany),
and ultraviolet-visible absorption spectroscopy (UV-Vis, Tecan,
Switzerland), for the analysis of the material structure.

2.2 Multilayer (CC-DOHA) preparation

Coating preparation. Polyurethane (TPU) materials were first
ultrasonically cleaned in anhydrous ethanol (EA) for 30 min and
then transferred to a large amount of ultrapure water (UPW) for
ultrasonic cleaning for 10 min. Finally, they were placed in an
oven to dry for further coating treatment. Multilayer films were
prepared on TPU by LbL self-assembly technology. Specifically,
the pretreated TPU sheets were alternately immersed in CC and
DOHA solutions at a concentration of 2 mg/mL for 10 min each
to obtain positively and negatively charged film surfaces. Before
the coating solution was changed, the TPU sheets were washed
three times in UPW to remove the unabsorbed substances on the
surface. The immersion adsorption-washing steps were repeated
multiple times until the desired number of coating layers was
obtained. The first layer of the film was immersed and adsorbed
from CC, and the last layer ended with DOHA. After reaching the
target number of coating layers, the material was immersed in
EDC (5 mg/mL) at pH 4.5 for 30 min in the dark to allow the CC
layer and DOHA layer to react fully and then washed with UPW.
Finally, the material was naturally air-dried to obtain TPU
materials with multilayer films (TPU@CC/DOHA).

Evaluation of the preparation process. To analyze the
preparation process of CC/DOHA multilayer films, a quartz
crystal microbalance (QCM-D, Biolin, Sweden) was used to
monitor the construction process of the multilayer films in situ.
The mass change on the sensor surface can be monitored by
detecting the variation in the vibration frequency (F) of the quartz
crystal, and the structural information of the surface can be
obtained by tracking the dissipation factor (Q) [41]. Additionally,
the electrostatic attraction between positive and negative charges
ensures that the coating materials are closely and stably combined
during the IbL self-assembly process. During this process, the
structure and thickness of the coating can be precisely controlled,
enabling the realization of specific functions and properties.

https://doi.org/10.26599/FRICT.2025.9441201

Therefore, a zeta potential analyzer (Zetasizer Nano ZS90,
Malvern, UK) was used to evaluate the charge characteristics of
the materials and predict their behavior during the self-assembly
process.

2.3 Evaluation of coating properties

Adhesion strength. The coating adhesion strength is used to
evaluate the bond firmness between the coating and the base
material. In the present work, a tensile peel test was conducted
using a universal material testing machine to measure the
interface adhesion strength between the coating and the TPU
substrate. The test samples used for adhesion testing were
prepared on two 10 mm x 10 mm TPU sheets. In the final step of
coating deposition, the two sample surfaces were aligned and
joined face to face. Notably, the materials of the last layer on the
sheets are different, namely, CC and DOHA. A certain pressure
was applied, and then the sheets were dried for the test. The tensile
rate was 5 mm/min, and the test was carried out until the two
sheets were pulled apart. The formula for calculating the bonding
strength is as 0 = P/ab. Here, ¢ represents the adhesion strength,
P represents the tensile force, and a and b represent the length and
width of the bonding area, respectively.

Surface characterization. The surface morphology of the
coating was characterized by scanning electron microscopy (SEM,
Phenom Scientific, the Netherlands) and atomic force microscopy
(AFM, Dimension ICON, Bruker, USA). The hydrophilicity of the
multilayers can be evaluated via a contact angle measuring
instrument (DSA25, KRUSS, Germany). Additionally, the
adhesion strength between the coating and the TPU substrate was
evaluated via tensile peel tests on a universal material testing
machine (34SC, Instron, USA). The test samples for adhesion
testing were prepared by coating two 10 mm x 10 mm TPU thin
sheets with each other. In the final step of coating synthesis, the
two samples were joined face-to-face (with different charges on
both sides) and then subjected to a certain pressure and drying
before being used for the test. The tensile speed was 5 mm/min
until the two samples were pulled apart. The formula for
calculating the adhesion strength is as o = P/(ab), where o
represents the adhesion strength, P is the tensile force, and a and b
are the length and width of the bonding area, respectively.

BC (biocompatibility). The blood compatibility of the coating
materials was evaluated via a standard hemolysis test. The
hemolytic suspension was prepared with whole blood (obtained
from the National Engineering Research Center for Medical
Devices Incubation Base, Guangzhou) for the standard hemolysis
test. Because hemoglobin released from ruptured red blood cells
has maximum absorption at a visible light wavelength of 416 nm,
the degree of hemolysis of the test substances was determined via
UV-Vis. The cell compatibility of the coating was analyzed via
CCK-8 and live/dead cell double staining. Standard reagents
(AbbKine) were used to test the cell viability on the 1st, 3rd, and
8th days of coculture with the coating. The absorbance (OD value)
at a wavelength of 450 nm after CCK-8 incubation was measured
via a multifunctional microplate reader. The cell state on the 3rd
and 8th days of coculture with the coating was observed via a
fluorescence inverted microscope.

2.4 Friction experiment

The aorta samples were obtained from the slaughterhouse within
2 h after death and sent to the laboratory. First, the mucosa and
other tissues on the outer surface of the aorta were removed to
ensure the sample’s flatness. Then, samples were taken along the
central axis of the aorta. The tissue samples for the friction
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experiment were 50 mm X 30 mm in size, with a thickness of 1.5
to 3 mm for the aortic wall. The entire experiment was conducted
within 4 h to avoid dehydration and deterioration. Sliding contact
between the catheter and the blood vessel during cardiovascular
catheterization was simulated in reciprocating sliding mode on a
UMT-Tribolab (CETR, Bruker, USA). A polyurethane
hemisphere (¢16 mm, D16H20, Lianpai Technology, China) was
chosen as the counterpart of the aorta to mimic the materials
commonly used for cardiovascular catheters. The friction
hemisphere consisted of two parts: the front end featured a
hemispherical friction head for the friction experiments, whereas
the rear end was a metal part that connected the friction head to
the friction testing machine. The prepared aorta sample was
placed on silicon rubber and fixed with pins in a specially
designed bath, as described in a previous publication [42]. To
simulate real physiological conditions, a blood substitute solution
was used in the friction experiment to create a vascular contact
environment (90% volume of PBS solution and 10% volume of
pig serum). In accordance with the suggestions of medical
practitioners and previous studies, the normal load was 0.4 N, and
the sliding speed was 5 mm/s. The friction force was measured for
5, 10, 15, 20, 25, and 30 min, with a sliding distance of 30 mm per
cycle, at a sampling rate of 20 kHz.

2.5 Tissue damage evaluation

After the friction experiment, the porcine aorta tissue samples
were transferred to paraformaldehyde solution at 4 °C. After 24 h
of fixation, the samples were washed three times with PBS,
immersed in PBS, and stored in a 4 °C refrigerator for subsequent
damage characterization studies.

Fluorescence staining. DAPI (4’,6-diamidino-2’-phenylindole
dihydrochloride, Aldrich, CAS: 28718-90-3) and ConA
(Concanavalin A, Aldrich, CAS: 11028-71-0) were used to stain
the cell nuclei and glycoproteins on the vascular endothelium,
respectively. The operation steps were as follows: (1) wash the
tissue with PBS solution to remove excess paraformaldehyde
solution; (2) add a mixture of ConA (2 mg/mL) and DAPI
(2 mg/mL), submerge the tissue sample, and incubate in the dark
for 30 minutes; (3) wash the tissue sample with PBS three times,
each for 10 minutes; (4) use different light sources to excite ConA
and DAPI, observe the fluorescence of the vascular tissue sample
under an inverted fluorescence microscope (IX73 Olympus,
Japan); and (5) use ImageJ software to statistically analyze the
number of cell nuclei and the fluorescence intensity of
glycoproteins on the tissue surface.

Surface morphology. The surface morphology of the tissue
samples, both before and after the friction test, was observed by
SEM (Phenom Prox, the Netherlands). The operation steps were
as follows: (1) The friction area and nonfriction area of the
vascular tissue were cut; (2) the samples were soaked in ethanol
solutions of 50%, 70%, 80%, 90%, 95%, and 100% for gradient
dehydration; (3) the dehydrated tissues were placed in a well-
ventilated area for drying for more than 1 h; (4) the dehydrated
and dried tissue samples were placed in a vacuum environment
for gold spray treatment; (5) the samples were observed and
photographed via SEM; and (6) Image] software was used to
statistically analyze the diameters of the curled-up tissues on the
surface.

Tissue sections. Changes in the cell nuclei, elastic fibers, and
collagen fibers of vascular tissue can be observed through H&E
(hematoxylin & eosin) staining and EVG staining. In EVG
staining, elastic fibers are stained black, whereas collagen fibers are
stained red. The steps for tissue section staining were as follows:
First, the tissue samples were cut into thin slices approximately
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3 mm in width; then, after routine dehydration, embedding,
sectioning, mounting, dewaxing, and other treatments, the tissue
sections were stained with H&E and EVG according to the
operation steps in the user manuals; after staining, the tissue
sections were sealed for long-term preservation; and finally, the
tissue status of the sections was observed via a biological
microscope (BX63, Olympus, Japan).

2.6 Data statistics

All the data are expressed as the means + SDs. Differences
between groups were determined via two-tailed Student’s ¢ test,
with significance accepted at p < 0.05.

3 Results

3.1 Characterization of DOHA

HA, a naturally occurring substance present in the human body,
has good biocompatibility. However, owing to its low stability in
its natural state and easy degradation, HA often requires
modification when used as a biomaterial. In the present work, the
less reactive ortho-hydroxyl groups on HA were first oxidized to
more reactive aldehyde groups to obtain OHA. OHA has highly
reactive dialdehyde groups, providing grafting sites for dopamine
(DOPA). Through the Schiff base reaction, DOPA subsequently
reacts with the aldehyde groups on OHA. Finally, DOHA was
synthesized (Fig. 2). Compared with those of the HA raw
materials, the DOHA samples presented new absorption peaks at
1,716 and 1,530 cm™. OHA showed an absorption peak at
1,716 cm™ attributed to the ester group (C=0), whereas DOHA
presented a new absorption peak at 1,530 cm™ belonging to C=C,
indicating the successful synthesis of DOHA (Fig. 2(a)).
Additionally, OHA exhibited a new proton absorption peak at
5.0 ppm, which is characteristic of the formation of a hemiacetal
from the combination of an aldehyde group and a hydroxyl
group. A comparison of the DOHA spectrum revealed a proton
peak of the benzene ring of the catechol group in the range of 6.5
to 7.0 ppm, which is consistent with the characteristic peak at the
same position in the 'H-NMR spectrum of DOPA (Fig. 2(b)).
Additionally, UV-Vis analysis revealed a significant absorption
peak at 280 nm for the catechol group (Fig. 2(b)). Therefore, the
water solutions of HA and OHA did not show absorption peaks
in the spectral range. In contrast, the water solutions of DOPA
and DOHA displayed prominent single absorption peaks at
280 nm. No additional absorption peaks were observed above 320
nm, indicating that the catechol group on DOHA did not
undergo self-polymerization or oxidation (Fig. 2(c)). Accordingly,
the successful synthesis of DOHA was confirmed from multiple
perspectives through various detection methods.

Furthermore, since the catechol group plays a crucial role in
interfacial adhesion, quantitative characterization of the DOHA
grafting rate is vital. Given that the catechol group has a
characteristic absorption peak at 280 nm, a standard curve of
absorbance versus concentration can be established by preparing
DOPA solutions of different concentrations (Fig. 2(d)). Water
standard solutions of DOPA at concentrations of 0.01, 0.04, 0.07,
0.1, and 0.13 mg/mL were prepared. The absorbance of these five
standard solutions at 280 nm was measured, and a standard curve
was obtained through linear fitting (A = 15.2C; + 0.01093, r =
0.9997; C, represents the concentration of DOPA in water
(mg/mL), and A represents the absorbance of the standard
solution at 280 nm). The synthesized DOHA was dissolved in
ultrapure water, and its absorbance at 280 nm was measured via a
UV-Vis spectrometer. The grafting rate (GR) of DOPA in DOHA
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Fig.2 Characterization of DOHA synthetic materials: (a) FTIR, (b) 'H-NMR, (c) UV-Vis, and (d) standard curves of DOPA concentration.

is listed in Table 1.

3.2 Characterization of CC

CHI is the only abundant cationic basic amino polysaccharide in
nature and features excellent antibacterial properties,
biocompatibility, biodegradability, and anti-infective activity. In
this study, the amino groups (-NH,) reacted with HCA through
amidation to successfully introduce catechol groups into the
chitosan molecule, resulting in a grafted modified product,
modified chitosan. This modification not only improves the
solubility of CHI but also enhances its adhesion performance. The
absorption peak of FTIR at 3,430 cm™ corresponds to the
stretching vibration of O-H, whereas the peaks at 1,635 and 1,599
cm™ correspond to the stretching vibrations of the amide I and
amide IT groups of chitosan, respectively. The peaks at 1,077 and
1,033 cm™ were typical C-O stretching vibrations in chitosan. A
comparison of the CHI, CC, and HCA samples revealed that CC
and HCA presented absorption peaks at 1,530 cm™, which is
characteristic of aromatic C=C, whereas no such peak was
observed for CHI (Fig. 3(a)). Furthermore, the 'H-NMR spectra
revealed that the proton peak of the main chain of chitosan could
be observed at 3.6-4.0 ppm. The peaks at 6.7-7.0 ppm
represented the proton peaks of the phenyl rings in the catechol
groups (Fig. 3(b)). Additionally, both CC and HCA exhibited
absorption peaks at 280 nm, whereas CHI did not. This indicated
that the absorption peak at 280 nm was the characteristic
absorption peak of the catechol group in HCA and CC, which is
consistent with descriptions in the relevant literature [43, 44]. As a
result, the successful synthesis of CC was verified through multiple
testing methods from various perspectives.

In addition, taking advantage of the characteristic absorption
peak of catechol groups at 280 nm, different concentrations of
HCA were prepared to obtain a standard curve of the relationship
between the absorbance and concentration (Fig. 3(d)). Five water

https://doi.org/10.26599/FRICT.2025.9441201

Table1 The grafting rate of DOPA contained in DOHA and CC

Material DOPA absorbance DOPA concentration (mg/mL) GR (%)

DOHA 0.42 0.027 5.78
CcC 0.98 0.0577 5.41

standard solutions with HCA concentrations of 0.02, 0.04, 0.06,
0.08, and 0.10 mg/mL were prepared. The absorbances of these
five standard solutions at 280 nm were measured via a UV-Vis
spectrophotometer, and a standard curve was obtained through
linear fitting (A = 16.49C, + 0.03084, r = 0.9997; C, represents the
concentration of HCA in water (mg/mL), and A represents the
absorbance of the standard solution at 280 nm). The synthesized
CC was dissolved in ultrapure water, and its absorbance at 280 nm
was measured via a UV-Vis spectrometer. GR of HCA in CC was
calculated via the following formula, and the calculation results are
listed in Table 1.

3.3 Characterization of CC-DOHA multilayers

To analyze the preparation process of the CC/DOHA multilayer
film, QCM-D was used to monitor the in situ construction
process of the multilayer film (Fig. 4). Before the experiment
began, UPW was introduced until the instrument displayed a
smooth baseline. First, a CC solution (2 mg/mL) was introduced,
and the frequency (F value) immediately decreased, indicating
that the substances were adsorbed onto the crystal wafer as the
substrate. After 10 min of solution addition, the F value no longer
decreased and remained stable, indicating that the adsorption of
CC on the wafer surface had reached saturation and that the
baseline was again leveled off. At this point, ultrapure water was
introduced to rinse the wafer, and the F value increased, indicating
that the wafer surface had lost weight and that the loosely
adsorbed CC molecules had been washed away. After the samples
were rinsed with ultrapure water, the F value leveled off again,
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DOHA was adsorbed onto the surface of the crystal, causing an
0 A A increase in weight. The previous adsorption of CC introduced
_sol \.7—/77 \ many positive charges. At this time, the negatively charged
- A 7 \/ polyanion DOHA was adsorbed onto the crystal because of
T -100 electrostatic forces and hydrogen bonds. After the adsorption
5 amount of DOHA reached saturation, ultrapure water was
—150 . . . TR .
\ N \ introduced, causing the F value to rise, indicating weight loss,
2001\ \ \ \ which suggests that the loosely adsorbed DOHA molecules were
| ‘ washed away with the water. When the F value stabilized again
250 70 20 30 40 50 60 70 80 and no longer changed, the film was in a relatively stable state, and
Time (min) ultrapure water could no longer wash away the substances
> CC  —> DOHA —> UPW adsorbed on the film. At this point, the two-layer alternating film
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Fig.4 Adsorption process of the coating material: (a) the first four layers and
(b) a total of 16 layers.
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indicating that the weight of the wafer surface did not change
further and that no more CC molecules could be washed away,
suggesting that some polycationic CCs were stably adsorbed on
the wafer surface. Then, a polyanion DOHA solution (2 mg/mL)
was introduced for 10 min, and the F value decreased again.

44 me | Sci@pen

self-assembly was completed. Next, UPW, CC, UPW, and DOHA
were alternately introduced for 10 min each. As the multilayer
film was constructed, the frequency continuously increased in the
negative direction (the mass continuously increased). As the
number of layers increased, the negative frequency suddenly
increased after the injection of DOHA, whereas the negative
frequency suddenly decreased during the rinsing stage, indicating
that the multilayer interface had reached a critical value. This
occurred because the height of the sponge-like coating structure
gradually increased as the number of deposition layers increased.
In addition, the number of phenolic hydroxyl groups also
increased. Therefore, the overall adsorption capacity of the coating
continuously increased and reached a maximum at the 16th layer.
After the electrolyte deposition was complete, an EDC solution
with a pH of 4.5 was introduced to increase the bonding strength
of the film during the reaction (340 min).

3.4 Characterization of coatings’ properties

Figure 5 shows the AFM and SEM results of the TPU surface
under different coating layers. As the number of coating layers
increased, the TPU surface gradually became relatively smooth

Friction, 2026, 14: 9441201
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and dense without cracks, and the uniformity of the coating
surface improved layer by layer. Subsequently, AFM detection was
carried out, and the TPU surface exhibited the same pattern, with
enhanced surface uniformity. With increasing number of coating
layers, the polymer film formed points, lines, and surfaces,
eventually completely covering the surface, making it uniform and
consistent. There was a slight undulation on the overall surface,
with small protruding substances at certain positions, which may
be related to the uneven distribution of the deposited
polyelectrolyte. Through cross-sectional SEM observations, the
thickness of the prepared 16-layer coating was approximately 150
nm. Additionally, the coating was closely bonded to the substrate
without gaps, indicating that it had excellent cohesion and
adhesion to the substrate.

As the number of surface coating layers increased, the contact
angle gradually decreased (Fig. 6(a)). The results revealed that the
hydrophilicity of the coating surface changed slightly when the
number of coating layers was less than 8; when the number of
coating layers reached 12, the change in hydrophilicity was more
significant, and the contact angle fluctuated within a specific
range. When the number of coating layers increased to 16, the

(a) Control

(b) 4 layers

One-dimensional

57.7nm 420nm

-33.40m

=51.5nm

Three-dimensional
AFM

Height Sensor Height Sensor

One-dimensional
SEM

Enlarged
SEM

(f) Coating thickness (angle 1)

50008 D+ 7 9mm x50.0K SE(L)

(c) 8 layers

Height Sensor

contact angle decreased to 8°, approaching a superhydrophilic
state. This change was related to the coverage and thickness of the
coating on the substrate surface. The tensile test of surface coating
adhesion conducted on the universal mechanical testing machine
revealed that the tensile strength of TPU@CC/DOHA can reach
1 MPa (Fig. 6(b)). The addition of EDC can enhance the adhesion
effect, confirming the role of EDC in the adhesion of self-
assembled multilayer films and strengthening the bonding force
between the coatings.

The hemocompatibility of the self-assembled coating was
evaluated through an in vitro hemolysis test, and the results are
shown in Fig. 6(c). The digital photos revealed that the control
group and the TPU@CC/DOHA group presented a light yellow
color similar to that of the physiological saline group, with red
blood cells aggregating at the bottom of the EP tube and only
slight hemolysis occurring. In contrast, the pure water group
presented a uniform bright red color, indicating that the red blood
cells had ruptured and that a severe hemolytic reaction had
occurred. Because the hemoglobin released from ruptured red
blood cells has maximum absorption at a visible light wavelength
of 416 nm, the degree of hemolysis of the samples can be

(d) 12 layers (e) 16 layers

351 nm : 543 nm 98.3 nm

~30.8 nm —44.5nm -84.7 nm

Height Sensor Height Sensor

(g) Coating thickness (angle 2)

Fig.5 Surface topography of coatings with different preparation processes: (a) control, (b) 4 layers, (c) 8 layers, (d) 12 layers, (e) 16 layers, and (f, g) thickness
measurements. The samples are shown in the following order from top to bottom: one-dimensional AFM surface, three-dimensional AFM surface, one-dimensional

SEM surface, and enlarged SEM surface in the red boxes.
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quantitatively determined via UV-Vis spectroscopy (with 100%
pure water). The experimental results revealed that the hemolysis
rates of the control group and the TPU@CC/DOHA group were
both less than 5%. The above results indicate that CC/DOHA has
good hemocompatibility and can be safely used in in vivo
applications.

Figure 6(d) shows the CCK-8 fluorescence intensity data of the
cells from day 1 to day 8. On day 1, there was no significant
difference in absorbance values among the groups; by day 3, the
absorbance values of the TPU@CC/DOHA and TPU@CC/
DOHA(E) groups were slightly greater, but there was no
significant difference compared with those of the control group,
indicating that the cell viability of these two groups was relatively
high. By day 8, the viability of the control group was unstable,
while the cells in the TPU@CC/DOHA and TPU@CC/DOHAC(E)
groups had better viability. Figure 6(e) presents the results of
live/dead cell staining. After 3 days of culture, the cells in all the
groups remained unspreading, with good viability and no dead
cells, and there was no significant difference among the groups. By
day 8, the cells in the control group and the coated groups had a
normal morphology, were evenly spread, and exhibited ideal
proliferation. The results of the CCK-8 and cytotoxicity tests

indicated that the prepared coatings had good biocompatibility.

3.5 Characterization of lubrication properties

Figure 7 shows the COF and frictional energy dissipation for
different frictional times. Frictional energy dissipation is the
integral area of the friction force-displacement curve (F-D) [45].
The COF and energy dissipation remained stable within the first
10 min at relatively low levels (0.03 and 0.5 mJ, respectively), with
no significant differences. However, the COF of the uncoated
TPU friction head (Fig. 7(a)) began to increase linearly after
10 min, reaching 0.9 at 30 min; meanwhile, the friction energy
dissipation increased from 0.5 to 10 m]J (Fig. 7(b)). In contrast,
when the friction head was coated with eight layers, the COF rose
slowly from 0.04 to 0.15 after 10 min, whereas the energy
dissipation increased only slightly (from 0.5 to 3 m]), with a
limited change. Furthermore, the COF and energy dissipation of
the friction head coated with 16 layers remained stable throughout
the 30-min frictional period. Specifically, the COF was 0.06 for
PU@CC/DOHA4 and 0.05 for PU@CC/DOHA 4. Therefore,
within the limited coating range, the more layers of coating there
are, the better the lubrication and antifriction effects.
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Fig. 6 Characterization of the coating properties: (a) surface contact angles, (b) adhesion strength, (c) hemocompatibility, (d) cytotoxicity, and (e) live/dead cell staining.
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Fig.7 (a) COF and (b) frictional energy dissipation of different coating layers in a single cycle (normal load of 0.4 N and sliding velocity of 5 mm/s).
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3.6 Tissue damage analysis

Figures 8 and 9 show the tissue damage to the vascular surface
before and after friction. After the uncoated TPU friction head slid
on the aortic surface, the number of cell nuclei significantly
decreased. Compared with the uncoated friction head, the TPU
friction head coated with CC/DOHA multilayers displayed a
greater number of cell nuclei after sliding on the aortic surface (P
< 0.05). Similarly, the fluorescence intensity of extracellular
glycoproteins on the aortic samples with the uncoated TPU
friction head was different from that of the coated samples (P <
0.05). According to the SEM images, the surface of the original
aorta appeared flat and intact, with no signs of wear or clear
texture. After friction, all the samples were damaged to varying
degrees. Among them, the inner membrane of the TPU friction
head without a coating was severely damaged, with profound
inner membrane rupture and curling. Additionally, a distinct
fibrous network was observed on the surface of the blood vessel.
In contrast, the samples with 8- and 16-layer coatings presented
less damage. A statistical analysis of the size of the ruptured and
curled inner membrane tissue (Fig. 9(c)) revealed that there was a
significant difference between the TPU friction head without
coating and the samples with surface coating treatment after
friction (P < 0.05). Furthermore, the surface of vascular tissue may
experience wear and shedding after friction. The more severe the
wear is, the more significant the change in the thickness of the
intima. The thickness of the intima in the cross-section of the
blood vessel can be quantified through tissue sections. After
friction with an uncoated TPU friction head, the surface
endothelial cells were essentially destroyed and removed, and

(a) Control

(b) 0 layers (c) 8 layers

v A "- < N = - A = & o

T

most of the collagen fibers in the subendothelial layer were
stripped off, resulting in exposure of the elastic membrane and
breakage of elastic fibers, resulting in a loose state. Figure 9(d)
shows that the intima retention rate was less than 40%, while the
intima retention rate of the coated TPU friction head reached
80%.

4 Discussion

As shown in Fig. 10, CHI and its modified material, CC, carried
positive charges, whereas HA and its modified materials, OHA
and DOHA, carried negative charges. Therefore, CC with a
positive charge and DOHA with a negative charge were selected
as the basic materials for coating synthesis, and they were
alternately adsorbed through LbL to form a dense film. Second,
the catechol groups were modified to simulate the firm adhesion
of mussels, achieving adhesion at the coating-TPU and
layer-layer interfaces. Moreover, the amino and hydroxyl groups
in CC and the carboxyl and hydroxyl groups in DOHA formed
hydrogen bond interactions, enhancing the cohesion of the
coating. Additionally, the ungrafted amino groups in CC and the
ungrafted aldehyde groups in DOHA undergo a Schiff base
reaction, which introduces a covalent bond interaction to increase
the adhesion between layers. Finally, soaking with EDC can
promote the amide reaction between the ungrafted amino groups
in CC and the carboxyl groups in DOHA, serving as a supplement
to the Schiff base reaction, enhancing the covalent interaction of
the coating and improving adhesion. As a consequence, the
adhesion strength of CC/DOHA was greatly enhanced to 1 MPa
(Fig. 6(b)) relative to 0.16 MPa (PLL-HA) and 0.56 MPa (PLL-
(d) 8 layers (E)

(e) 16 layers (f) 16 layers (E)

S % . -

Fig.8 Tissue damage under different evaluation methods for different layers: (a) control, (b) 0 layers, (c) 8 layers, (d) 8 layers (E), (e) 16 layers, (f) 16 layers (E). The
samples are shown in the following order from top to bottom: DAPI staining, ConA staining, surface SEM topography, and sectional EVG staining.
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HADN) [46], whereas it was lower than the results reported in
other publications of a multilayer with a catechol group involved
(2 MPa) [47, 48]. This might be due to the oxidation of the
hydroxyl groups of HA to aldehyde groups, which sacrifices
adhesiveness to a certain extent but enhances the stability of the
LbL structure. In summary, the adhesion between the coating and
the substrate, as well as the cohesion of the coating, were greatly
enhanced by the synergistic effect of physical adsorption
(electrostatic interaction, hydrogen bonding) and covalent
bonding (Schiff base reaction, amide reaction). Additionally, the
catechol groups gradually accumulated as the number of layers
increased, resulting in a mussel-mimetic adhesion mechanism.
Additionally, to better evaluate the degree of damage to
vascular tissues after friction, a damage assessment system was
introduced in our previous research [42]. These methods include
data standardization, the determination of subobjectives, the
calculation of weight coefficients, and comprehensive evaluation
scoring. Additionally, four forms of damage and their
corresponding quantitative data were observed: endothelial cell
shedding, surface tissue curling, intimal wear, and changes in
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(c) Surface topography

surface glycoproteins. As a result, a detailed statistical analysis of
multiple key indicators on the surface of vascular tissues was
conducted in the present study. The results of the vascular intima
damage scores after friction with different coatings are shown in
Fig. 11. The friction head without a coating (0 layers) caused
severe damage to the vascular intima after friction, with a damage
score as high as 80%, indicating grade 5 damage. After coating, the
degree of vascular intimal damage significantly improved, and the
degree of intimal damage decreased to grade 3. This result fully
demonstrated the effectiveness of the coating in reducing the
damage to the vascular intima caused by friction during the
process. Furthermore, the correlation analysis between the COF
and the inner membrane injury score revealed a high correlation
(Table 2), which is consistent with the relationship between the
friction factor and tissue injury reported in Refs. [49, 50].
Compared with the uncoated state, the introduction of multiple
layers significantly enhanced the lubrication performance of the
TPU substrate, with a reduction in the friction coefficient of up to
95%. After a continuous friction test lasting 30 min, the COF of
CC/DOHA ¢ demonstrated excellent stability, increasing only
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Fig.9 Quantified damage under different evaluation methods: (a) DAPI staining, (b) ConA staining, (c) surface topography, and (d) EVG staining.
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Fig.10 Potential mechanism of the self-assembled multilayer of CC/DOHA.
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Table2 Correlation coefficient analysis table

COF-damage score Multilayer
P 0.0034 (**)
Correlation analysis 0.9800

slightly from the initial value of 0.032 to 0.044. It maintained a
similar level of lubrication as the PLL-HA multilayers did [25] and
was superior to the previous CHI-HADN multilayers [39]. This
result indicated that the coating can effectively maintain a low-
friction state and retain its lubrication performance even during
prolonged friction. The CC/DOHA 4 multilayers with a sponge-
like structure displayed superlubricity, enabling them to rapidly
absorb a large amount of water in a liquid environment and form
a hydration layer. This hydration layer not only endows the
coating with the elasticity of a solid but also the fluidity of a liquid,
thereby significantly improving its lubrication performance, as
shown in Fig. 12. The superlubrication interface also reduced
energy dissipation during the friction process and helped extend
the service life of the coating. As mentioned in a previous

Friction
head

Blood

Blood vessel

publication, frictional energy dissipation is strongly correlated
with the degree of mechanical damage to the tissue [42, 51].
During the reciprocating friction of the upper ball head on the
vascular tissue, most of the kinetic energy is converted into
thermal energy at the frictional interface, thereby causing tissue
damage. As the number of layers of polyelectrolyte increased, the
trends of frictional energy dissipation and the coefficient of
friction were consistent, showing a negative correlation and
indicating less mechanical damage. This finding is also consistent
with the conclusion of Fig. 11. Furthermore, as the number of
electrolyte layers continues to increase, the quantities of
hyaluronic acid and catechol groups in the coating also continue
to accumulate. The ability of these materials to adsorb and retain
moisture is enhanced, continuously ensuring the wetting property
of the coating [52]. In addition, the catechol groups in the coating
can not only absorb water but also effectively adsorb the
mucoprotein naturally present on the blood vessel surface [43].
This type of mucoprotein has good mechanical lubrication
properties [25]. Therefore, the coating in the present study had a
relatively typical ability to enhance lubrication.

Fig. 12 Schematic diagram of the coating lubrication mechanism.

When the number of coating layers was 8 (4 layers of CC and 4
layers of DOHA), the COF tended to increase over time,
particularly after 15 min. This phenomenon can be attributed to
two main factors: (1) An insufficient number of coating layers
resulted in inadequate hydrophilicity on the friction head, with a
contact angle of 80°. The thickness of the hydration layer was
relatively thin, and the coverage area was not extensive enough,
restricting the elasticity of the coating on the friction head and the
fluidity of the liquid, thereby increasing the COF. (2) An
insufficient number of coating layers also affects the enrichment of
catechol groups and hydrogen bonds, resulting in shedding of the
coating, and the COF gradually increases over time. As the
number of coating layers increased, both the hydrophilicity of the
friction head surface and the degree of catechol group enrichment
tended to increase.

5 Conclusions

On the basis of the natural macromolecules chitosan and
hyaluronic acid, this work designed a hydrophilic lubricating
coating and investigated its preparation mechanism, physical
properties, biological properties, and lubricating and anti-friction
performance. The conclusions were as follows:

(1) The CC and DOHA were successfully synthesized and
verified through various detection methods.

(2) Ultrathin coatings of approximately 150 nm were prepared
on the TPU by LbL deposition of CC and DOHA materials.
Strong adhesion between CC and DOHA was achieved through
electrostatic interactions, chemical reactions, and the presence of
enriched catechol groups, with an adhesion strength of 1 MPa at
the TPU-coating interface. With increasing number of coating
layers, the hydrophilicity gradually increased, and a
superhydrophilic state was reached at 16 layers.

https://doi.org/10.26599/FRICT.2025.9441201

(3) As the number of coating layers increased, the anti-friction
effect gradually increased, with the maximum COF reduced by
95%, lowering the friction force from 0.5 to 0.03 N. During the
30-min friction test, the 16-layer coating demonstrated excellent
lubrication stability. The EDC-enhanced multilayers played a
specific role in reducing the COF and energy dissipation.

(4) The superlubricating interface (hydration layer) formed by
the hydrophilic coating significantly reduced damage to the tissue
surface. The damage evaluation system results revealed that the
degree of vascular intima damage decreased from grade 5 without
coating to grade 3, confirming the effectiveness of the coating in
reducing vascular intima damage during the friction process.
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