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A polyethylene glycol functionalized hyaluronic acid coating
for cardiovascular catheter lubrication
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H I G H L I G H T S G R A P H I C A L A B S T R A C T
• The catheter-blood vessel sliding inter-
face was successfully mimicked using a
reciprocating aorta- PU (polyurethane)
ballfrictional system.

• An ultra-thin, lubricant, and biocompat-
ible coating based on two biopolymers
was successfully fabricated.

• The coating significantly improved
the lubrication of polyurethane and
prevented the wear of blood vessel.

• The HADN-PBA thus is a strong candi-
date for cardiovascular catheter coating.
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Catheterization is a common medical operation for cardiovascular disease diagnosis and treatment, where low
friction is attained through hydrophilic lubricious coatings. But these coatings can cause iatrogenic complications
when particles become lose and float freely in the blood stream. Here we present an ultra-thin coating based on
polyethylene glycol (PEG) functionalized hyaluronic acid (HA). The mussel-inspired biopolymer hyaluronic acid
was first conjugated to dopamine (DN) to get HADNand then poly (ethylene glycol) bis (3-amino-propyl) termi-
nated (PBA) was used to functionalize the HADN with PEG. The reciprocating sliding ball-on-flat ex vivo model
based on PUball andporcine aortawas used to evaluate the lubrication performance and the results suggest coat-
ing ofHADNwith best lubrication enhancement. After 40min friction test, the surface of aorta remained intact for
HADN-PBA coated PUas compared toHADNcoating and positive control (sliding against bare PU). The amount of
glycocalyx, number of endothelial nuclei and intima surface of aorta for coated PU were similar to negative con-
trol (without rubbing). Besides lubrication, the high biocompatibility suggests the coating of HADN-PBA is safe
and lubrication benefits to the cardiovascular catheter.

© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
1. Introduction

The function of many medical device and implant in biological sys-
tems depends on appropriate lubrication at the sliding interface.
ally in this paper and share the

td. This is an open access article und
Cardiovascular catheterization, for instance, is a procedure where a
catheter slides through the blood vessels for about a meter to the
heart in order to diagnose and treat cardiovascular diseases. During
the procedure, friction and wear naturally occurs between catheter
and blood vessel which can induce vasoconstriction and injury leading
to intimal proliferation or distal embolization associated with wear of
organ and infarction [1]. It is estimated that 25% of all hospitalized pa-
tients received intravenous infusions and that there are a growing num-
ber of outpatients that require frequent catheterization [2]. Catheters
er the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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are directly in contact with biological fluids such as blood or urine dur-
ing intervention [3] and the friction between catheter and tissuemay in-
duce vasoconstriction and vessel wall injury [4,5].

To maintain safe catheterization, hydrophilic and highly lubrication
coatings are used clinically for the catheters, although recentlymany re-
ports warned the scientific community of the iatrogenic complications
due to particulate release in the blood stream causing embolization
[6,7] with further ramifications [8–11]. Surfacemodification technology
[12–16] to develop thin (non-swelling) coatings has been used to im-
prove the tribological performance of device and catheter for some
time. Ho et al. [17] reported a coating of poly (2-methacryloyloxyethyl
phosphorylcholine-co-n-butyl methacrylate [poly(MPC-co-BMA)] on
PU surface yield a least friction due to the sufficient hydration and
boundary lubrication enable by the polymer. The tribological and chem-
ical characteristics of poly(MPC-co-BMA) increased the efficacy of PU
for clinical applications. However these studies mainly focus on the
physical-chemical properties of the structure of materials itself rather
than the real tissue. As a result, the effect of lubrication between coating
and tissue remains unclear,which is quite important for clinical applica-
tion. An effective catheter coating required high adhesivity to the cath-
eter surface (often poly-urethane, PU) on one side to avoid spalling and
delamination, and high lubricity along with biocompatibility on the
other side. Thus the aim of this study is to modify PU surface with an
ultra-thin, stable and high biocompatibility coating to enhance sliding
lubrication against blood vessel lumen.

Biomacromolecules like proteins, glycoproteins and polysaccharides
support a wide range of normal and shear stresses [18] at sliding inter-
faces [19]. Effective lubricants including various hydrophilic, zwitter-
ionic and high-molecular weight biopolymer such as glycoproteins,
lipids [20] and hyaluronic acid (HA) [21], which work synergistically
to support a wide range of normal and shear stresses [18]. Due to their
chemical structure, and conformation these macromolecules provide
extremely low friction and protection against wear of the surrounding
tissue. Hyaluronic acid (HA), the major compound in synovial fluid
and tear film [21–23], provides the effective lubrication in the articular
joint, while it does not easily adsorb to surface by its self. In this respect,
3,4-dihydroxy-L-phenylalanine (DOPA), whose ortho-dihydroxyphenyl
(catechol) group is characterized of widely adhesive on various inor-
ganic/organic surfaces [24] and can be readily coupled to the carboxyl
residues on HA via carbodiimide chemistry [25,26]. Dopamine conju-
gated HA (HADN) is adhesive in nature and have been used in the
past for increasing cell responsive [26] showing a great potential in
biomedical application. In our study HADN is important to adhere
to the hydrophobic PU surface and give rise to high cohesive strength
of the HADN layer on the PU surface. Polyethylene glycol (PEG) as an
artificial lubricant for prevention of wear have been demonstrated by
Kobayashi et al. [27] and the large amount of hydroxy group from
PEG binding with water can enhance the hydration lubrication. Poly
(ethylene glyco) bis (3-amino-propyl) terminated (PBA) is a PEG
molecule with amino groups at the two ends. The amino group can
be easily bioconjugated to dopamine part of HADN via Michael addi-
tion or Schiff base reactions forming loops and tails in a mild alkaline
condition.

In the present studyweuse a facile approach for immobilizingHADN
macromolecules onto PU surface followed by PBA modification of
HADN. HADN was synthesized via a simple carbodiimide reaction and
then attached onto PU under mild alkaline condition. Then PBA was in-
troduced to HADN surface via Michael addition. X-ray photoelectron
spectroscopy (XPS), contact anglemeasurementswere adopt to charac-
terized the surface properties. Furthermore, the lubrication enhance-
ment was evaluated by universal mechanical testing machine (UMT)
with PU-aorta lubrication system and the wear of aorta was evaluated
as well. Besides lubrication the biocompatibility of this coating was
checked and the results suggest the coating based on HADN and PBA
can reduce the friction and resistwear of tissue, which benefit to cardiac
catheterization application.
2. Materials and methods

Synthesis of HADN: Hyaluronic acid (Kraeber & Cogmbh, Germany)
of 600 kDa was coupled to dopamine hydrochloride (Sigma, CAS
no. 62-31-7) by active agent of N-(3-Dimethylaminopropyl)-N-
ethylcarbodiimide hydrochloride (EDC, Sigma, CAS no.25952–53-8) as
previously [28]. Briefly, 40 mg HA was dissolved in 8 mL Phosphate
Buffer solution (PBS) at pH 5 adjusted by hydrochloric acid (HCl).
Then 13.5 mg EDC and 19 mg dopamine were added to the HA solution
at pH 5 for 5 h. The reaction was protected with nitrogen. Unreacted
chemicals and byproducts were removed by extensive dialysis (molec-
ular weight cut-off: 3500 Da, spectrum medical industries, USA) for
3 days in deionized water (pH 5) which needs to be exchanged every
3 h. Then conjugate product was lyophilized and stored at 4 °C
moisture-free desiccator for further use.

Nuclear Magnetic Resonance (NMR) and Ultraviolet spectropho-
tometry (Uv-vis) were used to analysis of HADN. Lyophilized sample
was dissolved in deuterated water at 5 mg/mL for 1H NMR (Bruker
Avance, 400 MHz) analyses. Dopamine solution with different concen-
tration from 0.1 mM to 1 mM in PBS to be prepared and their spectrum
absorbance at 280 nm were measured by Uv-Vis spectrum (Beckman,
USA) with a cuvette of 1 cm wide. Then the standard curve was calcu-
lated by linear fitting. Once the absorbance of 1 mg/mL HADN was got-
ten at 280 nm the conjugate degree can be calculated.

PU surface modification with HADN and PBA: All the PU disks were
cleaned with ethanol and milli-Q water. 20 mg HADN conjugate was
dissolved in 5 mL PBS buffer (pH = 8, 10 mM) to a final concentration
about 4 mg/mL. Then a cleaned bare PU ball was immersed in the
HADNsolution in room temperature overnight (37 °C, 12 h). The dipped
PU was denoted as PU-HADN and washed by milli-Q water to remove
the free HADN then dried in a stream of nitrogen and stored at 4 °C
until used. For PU modification of HADN and PBA, 20 mg PBA (CAS no.
34901–14-9, Sigma-Aldrich Mn ~ 1500 Da) was dissolved in 5 mL and
10 mL PBS buffer (pH = 8, 10 mM) to a final concentration about
2 mg/mL and 4 mg/mL respectively. Then PU-HADN was immersed in
two PBA solutions for another 12 h at room temperature, denoted as
PU-HADN-PBA1 (PBA 2 mg/mL) and PU-HADN-PBA2 (4 mg/mL)
washed by milli-Q water to remove the free PBA then dried in a stream
of nitrogen and stored at 4 °C until used.

Surface characterization by X-ray photoelectron spectroscopy and
Water contact angle: The chemical compound of the PU, PU-HADN,
PU-HADN-PBA1 and PU-HADN-PBA2 were detected by XPS (S-Probe,
surface science instruments, mountain view, CA, USA). XPS can only de-
tect information within 10 nm thickness, and so it can give the very top
layer information. Firstly, different PU samples weremoved to XPS pre-
vacuumchamber. Then a vacuumdegree of 10−7 pawas applied. X-rays
(10Kv, 22mA), spot size 250×1000um,were produced using an alumi-
num anode. Scans spectrum in binding energy range of 1-1100 eV were
made at low resolution. The area with each peak can yield elemental
surface concentrations for C, N, O. Correction was applied with the
help of sensitivity factors provide by the manufacturer. Water contact
angle measurements were performed at room temperature using an
OCA 15 plus goniometer (DataPhysics Instruments). The values were
obtained by the sessile drop method. The used liquid was ultrapure
water and the drop volume was 5 μL. Over three measurements were
carried out for each sample.

Lubrication properties of HADN-PBA on PU-blood vessel system:
Polyurethane hemisphere (∅16 mm) was chosen as counterpart of
aorta tomimic thematerials popular for cardiovascular catheter. Sliding
contact between catheter and the luminal surface of blood vessel during
cardiovascular catheterization was simulated in reciprocating sliding
mode on UMT-III (Bruker Corporation, American). The prepared aorta
sample was placed upon the silicon rubber and fixed with pins in the
specially designed bath. 8 mL PBS was add to the bath so that aorta
can be immersed. The temperature of the PBS solution in bath was
around 37 °C to mimic the human internal environment. According to
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the suggestions of the medical practitioners as well as the previous re-
search, the normal load was 0.6 N, and the sliding speed 6 mm/s. Fric-
tion force was measured for 40 min with a sliding distance of 30 mm
per cycle using the UMT-III tribometer at a sampling rate of 20 kHz.
Measured friction force was divided by the applied normal force to cal-
culate the coefficient of friction (COF).

Glycocalyx visualization and quantification by using fluorescent mi-
croscopy: The glycocalyx on the aorta surface was observed using the
Confocal laser scanningmicroscopy (CLSM, Leica TCS SP2 Leica,Wetzlar,
Germany) with an HCX APO L40×/0.80 WU-V-1 objective. Fluorescent
stain Con A (Concanavalin A, Alexa Fluor™ 488 Conjugate from
ThermoFisher, Catalog no. C11252) was used to stain the glycocalyx
and 6-diamidino-2-phenylindole (DAPI, CAS number 28718–90-3,
Sigma-Aldrich) for the nucleus of the endothelial cells. An argon ion
laser at 488 nm and a green HeNe laser at 543 nm were used to excite
Con A and DAPI respectively. The fluorescent signal was collected be-
tween 500 and 540 nm for Con A and rendered green while the signal
collected between 583 and 688 nm for DAPI was rendered blue. Aorta
pieces were submerged in PBS and 1.5% BSA for the same amount of
time as negative control. CLSM was used to take fluorescent images,
where the excitation laser intensity was kept same consistently for all
aorta pieces. Finally, by setting the threshold, the fluorescence intensity
was calculated with the ImageJ 1.50b software (Wayne Rasband, Na-
tional Institutes of Health, USA) [28,29].

Surface characterization of aorta by using scanning electron micros-
copy (SEM): The surface characterization of aorta before and after fric-
tion test can be visualized with scanning electron microscopy (Nova,
FEI, USA). Firstly, the aorta samples were washed with PBS solution,
and then fixed in 2.5% glutaraldehyde for 24 h. After the first fixation,
the samples were washed with PBS solution for 3 times (10 min per
time). Then the samples were immersed in 2% tannin solution twice
(15 min per time) for further fixation. Thirdly, the samples were
dehydrated using graded ethanol, namely immersed with alcohol with
concentrations of 30%, 50%, 70%, 80%, 90%, 95% and 100% (10 min per
time). Finally, the samples were placed in fume cupboard to dry for
1 h and waited for test. Due to non-conduction of biological materials,
the aorta samples need spray gold craft under vacuum environment be-
fore observation.

Biocompatibility:A mouse fibroblastic cell line (L929) was used for
the biocompatibility study. The coating of HADN and HADN-PBA1 and
HADN-PBA2 were coated on the circular glass (15 mm ϕ) surface that
fit for 24 cell culture plate and co-cultured with L929 cell line. 1 × 104

cells /well were seeded on the glass surface and cultured with high glu-
cose DMEM (Gibco), 10% FBS (Gibco), and 1% penicillin−streptomycin
(Sigma). Cells were incubated at 37 °C in a humidified air atmosphere
of 5% CO2. Cell viability was analyzed using an XTT assay [28–30]
(ApplichemA8088). Briefly on 1d, 3d, 7d, 14d, 300ul of XTT reaction re-
agent (0.1 mL activation reagent and 5 mL XTT mixture) was added to
each well after incubated at 37 °C in a humidified air atmosphere of
5% CO2 the microplate reader recorded absorbance at 485 and 690 nm.

Statistical analysis: All data are expressed as means ± SD. Differ-
ences between groups by using two-tailed Student's t analysis,
accepting significance at p < 0.05.

3. Results and discussion

3.1. HADN conjugation synthesis and characterization

HADN was prepared by carbodiimide chemistry with N-(3-
Dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride (EDC) cou-
pling reaction [24,25,31,32]. A schematic representation of synthetic
procedure was shown in Fig. 1a. The multiplets observed between
δ = 6.7 ppm and δ = 7.0 ppm in 1H NMR spectra in Fig. 1b are associ-
ated with protons of the aromatic ring [26]. Chemical shift at
2.03 ppm is associated with protons of N-COCH3 [26] demonstrating
the HADN conjugation was successful. The results also were confirmed
by Uv-visible spectrophotometer in Fig. 1c. An absorbance band around
280 nm, the characteristic absorbance of catechol, was observed in
HADNwhile not shown in HA alone. Dopamine solutions with different
concentration from 0.1 mM to 1 mM in PBS were prepared. Their spec-
trum absorbance at 280 nm were measured by Uv-Vis spectrum. Then
the standard curve was calculated by linear fitting in Fig. S1. Based on
a standard curve and the A280 nm of the synthesized product the conju-
gation was calculated as about 18%. Amidation by a carbodiimide cou-
pling method [26] is widely used in biomaterial application due to
features of highly effective and reproducible. Different equivalent pro-
portion can yield different conjugation degree. In the present we
chose a 18% conjugation because less than 10% is conventionally consid-
ered to be a low catechol conjugation level for polymer. Likewise, a con-
jugation degree over 30% is regarded to be a high catechol conjugation
for polymer [33,34].

3.2. PU-HADN and PU-HADN-PBA preparation and characterization

The HADN was immobilized on PU surface via catechol groups from
HADN as illustrated in schematic in Fig. 2. PU balls were immersed in
the mild alkaline conditions (PBS, pH= 8) HADN with a concentration
of 4 mg/mL at room temperature for 12 h enable the surface fully cov-
eredwith HADN. During this period, catechol groups of HADN form qui-
none groups able to assist the deposition of HADN on PU surface
(denoted as PU-HADN) by hydrophobic interaction [35]. PBA was
grafted onto the HADN modified PU surface by dipping in two concen-
trations of 2 mg/mL and 4 mg/mL (denoted as PU-HADN-PBA1 and
PU-HADN-PBA2 respectively) via Michael addition. To confirm surface
modificationwas successful, XPSwas adopted to detect the chemical el-
ement changes of substrate, as shown in Fig. 3b.Onbare PU themajority
element was that carbon is 78.3% and the nitrogen and oxygen 1.3% and
14.1% respectively the ratio of N/C is 1.7% (Table 1). While the relative
amount of nitrogen and oxygen were increased to 5.2% and 25.7%
after HADN modification with a N/C of 9.9%. This was decreased to
9.2% in HADN-PBA1 and 7.8% in HADN-PBA2 respectively. The lower
ratio of N/C detected from HADN-PBA2 could be caused by higher con-
centration of PBA leading to more PBA coupled to HADN surface.

To characterize the wettability of PU surface modified with HADN
and HADN-PBA, the static water contact angles of bare PU, PU-HADN,
PU-HADN-PBA1 and PU-HADN-PBA2 surface were measured in Fig. 3.
The bare PU surface was slightly hydrophobic and had a water contact
angle of 91.6 ± 4.1o while it decreased to 58.6 ± 3.5o, 54.7 ± 4.7o and
54 ± 3.7o after HADN, HADN-PBA1 and HADN-PBA2 coating on the
PU surface respectively. Although no significant difference between
PU-HADN, PU-HADN-PBA1 and PU-HADN-PBA2, the slightly lower con-
tact angle was observed on PU-HADN-PBA surface, which was likely at-
tribute to the influence of PBAwith stronghydration function indicating
HADN-PBA is graft to PU surface successfully. Researches also have
shown that a decrease in water contact angleresults from hydrophilic
compound adsorption on hydrophobic surface [36], which is confirmed
in our study as well.

3.3. The frictional behavior of PU-aorta interface

During the 40 min sliding, the frictional behavior between different
coating showed big difference as shown in Fig. 4a. The COF between PU
ball and aorta surface starts very low (~ 0.03) but increased gradually up
to 0.17 ± 0.015 after 450 cycles of sliding, which is significant higher
than PU-HADN (0.11 ± 0.001), PU-HADN-PBA1(0.07 ± 0.02) and
PU-HADN-PBA2 (0.03 ± 0.01) respectively. HA is well known for high
viscosity and hydration [37] that play a vital role in lubrication [38]. Cat-
echol groups help immobilize HA to the PU surface leading to decrease
of COF. Themodification of PBAonHADN further decreases COFbecause
of the lubrication property of PEG part in PBA. PBA attach to HADN sur-
face via both amide terminals to form loops or through a single amide
terminal to give rise to a tail configuration (Fig. 2) and enhance



Fig. 1. Synthesis and structure of HADN. (a) is the schematic representation of procedure to synthesize HADN, b) the H-NMR specturm of HADN, UV–Vis spectra of the conjugate (HADN)
and the control (HA).
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lubrication. Higher concentration of PBA i.e. PU-HADN-PBA2 yield a sig-
nificantly lower COF(0.03± 0.01) as compared to PU-HADN-PBA1with
a COFof (0.07±0.02). This could be caused byhigher coupling of PBA to
the quinone residues of HADN. Compared to PU-HADN both PU-HADN-
PBA1 and PU-HADN-PBA2 generated a lower COF which suggests the
coating of PU-HADN-PBA were able to enhance the lubrication, more
specifically boundary lubrication where the two surfaces are separated
by a hydrated surface bound layer. The hydrated surface bound layer
here is composed of HADN-PBA on the PU side and themucinous glyco-
calyx on the aorta side.

Beside COF, the energy loss in the process of reciprocal sliding fric-
tion was calculated as well in Fig. 4b. It has been demonstrated that en-
ergy loss was naturally occurred in viscoelastic nonlinear materials and
the loss of energy in the process of reciprocal sliding friction was posi-
tively correlated to the surface injury [39,40]. The relevant friction-
displacement curve for different cycles also shows a similar tendency
with COF (Fig. 4b). The energy dissipation was increased gradually be-
tween PU and aorta from 0.5 ± 0.28 mJ to 3.2 ± 0.19 mJ in 40 min i.e.
Fig. 2. Schematic illustratio
450 cycles. While the energy dissipation in groupwith coatingwere de-
creased dramatically after 40 min sliding, i.e., 450 cycles the energy dis-
sipation was 1.8 ± 0.17 mJ in PU-HADN, 1.1 ± 0.46 mJ in PU-HADN-
PBA1 and 0.35 ± 0.12 mJ in PU-HADN-PBA2.

In Fig. 5, the friction-displacement curve per 50 cycles shows the
curve with the similar to the shape of parallelogram at each reciprocat-
ing cycle,while the area of each cyclewas increasedwith timeespecially
in bare PU and this was not happened in PU-HADN-PBA especially in
PU-HADN-PBA2 where all the shape and area of parallelograms with
time keep constant indicating the lasting lubrication property of
HADN-PBA2 coating. Lower COF, lower energy dissipation and lower
hydrophobicity was observed in group of PU-HADN-PBA compared to
PU-HADN, which shows that all the catechol groups of HADN were
not utilized for adhesion to PU but some were free to bind to the
amine groups of PBA. After binding to HADN, the PEG part of PBA was
able enhance the lubrication due to its hydrophilicity and higher
water holding capability [27]. Although the wettability of PU-HADN-
PBA2 was similar to PU-HADN-PBA1, but better lubrication of PU-
n of HADN-PBA layer.



Fig. 3. Surface property of coated PU. (a) Static water contact angle of bare PU, PU-HADN, PU-HADN-PBA1 and PU-HADN-PBA2. (b) The full spectrum XPS scans, showing the chemical
element of each surface. ** stands for the significance different (p < 0.01) of water contact angle between bare PU and PU with different coatings.

Table 1
Chemical composition of each surface.

Samples Atomic percentages (%)

C N O N/C

Bare PU 78.3 1.3 14.1 1.7
HADN 52.6 5.2 25.7 9.9
HADN - PBA1 53.1 4.9 28.3 9.2
HADN - PBA2 54.6 4.3 29.6 7.8

Fig. 4. Lubrication property of PU with or without (control)
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HADN-PBA2 compared to PU-HADN-PBA1 shows that either more PBA
is bound to HADN or more PBA is bound as loops when HADN was ex-
posed to higher concentration of PBA to form PU-HADN-PBA2.
3.4. The aorta luminal surface characterization, before and after friction test

Scanning electron microscopy (Fig. 6) and fluorescent microscopy
(Fig. 7) was used to characterize the changes in the luminal surface
and wear of aorta after sliding against different PU surfaces for 40 min
and 450 cycles. The pristine aorta surface without rubbing was flat
different coatings rubbing against aorta in PBS at 37 °C.



Fig. 5. The friction-displacement curves at PU-aorta interface (a) bare PU, (b) PU-HADN, (c) PU-HADN-PBA1 and (d) PU-HADN-PBA2.

6 H. Wan et al. / Materials and Design 196 (2020) 109080
and intact under the magnification from 200× to 8000× and no wear
was observed on the surface with a clear texture (Fig. 6). However on
the aorta surface after rubbing with bare PU ball the intima of aorta
was severely damaged marked by the red circle, which might be the
layer of glycocalyx. The aorta surface is composed of glycocalyx associ-
ated with the intima, media and adventitia are present deeper in the
aorta wall [41]. Once the intima is gradually eliminated and the
Fig. 6. The scanning electron microscopy images of aorta after rubbing against with differen
interesting areaweremarked by red dotted circle and red arrow. (For interpretation of the refere
collagenous fiber and elastin gets exposed on the surface [42]. At
8000×, the exposed collagen fiber are clearly visible due to damage of
the intima and rolled up glycocalyx. In contrast, in the group of coated
PU especially in the PU-HADN-PBA in which no obvious damage was
observed and the texture looked similar as control, where no collage-
nous fiber and elastin gets exposed on the surface. Thus the HADN
and HADN-PBA coatings can protect the aorta surface to high degree.
t PU surface. The magnification from top to bottom were 200×, 4000× and 8000×. The
nces to colour in thisfigure legend, the reader is referred to theweb version of this article.)



Fig. 7. The fluorescence images of aorta after rubbing against with different PU surface. The upper green fluorescence in (a) was stained by ConA for glycocalyx visualization and the blue
fluorescence stained byDAPI for nucleuses visualization. (b) and (c)were the statistical results of thefluorescence and number of nucleus.⁎⁎ stands for the significance different (p< 0.01)
in numbers of nucleuses and FI of aorta surface without rubbing and rubbing with coating compared to the rubbing without coating. ## stands for the significance different (p < 0.01) in
numbers of nucleuses on aorta surface without rubbing compared to the aorta surface rubbing with coating. &&stands for the stands for the significance different (p < 0.01) in numbers of
nucleuses on aorta surface without rubbing compared to the aorta surface rubbing with coating of HADN. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 8. Viability assay (XTT) analysis the metabolic activity of L292.
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The degree of damage to the blood vessel lumen by HADN coated PU is
greater than the coating of HADN-PBA and the latter is closer to the con-
trol group without rubbing.

The fluorescent intensity (FI) and number of nucleus of the aorta
surface before and after the friction test as shown in Fig. 7. The surface
of aorta without rubbing looks flat and intact and the average FI was
128 ± 38, which is significant higher (p < 0.01) than the aorta surface
after rubbing against with bare PU ball (21 ± 8.8). Furthermore, in the
side view no green signal is visible. This could be caused by the damage
of intima where is fully covered with glycocalyx and once the intima is
damaged or removed by the high friction the FI would be decreased. Al-
though some damage (green aggregates) were observed on the aorta
surface after rubbing against with PU-HADN, PU-HADN-PBA1 and PU-
HADN-PBA2 respectively, no significant difference in FI was observed
among PU, PU-HADN-PBA1 and PU-HADN-PBA2, suggesting PU-
HADN-PBA can resist wear of aorta.

After sliding against bare PU the number of nucleuses decreased dra-
matically (Fig. 7). Sliding against coated PU causes lower decrease in the
number of nucleuses compared to the bare PU.

Accompanied by the sliding process, the epithelial cells are gradually
damaged. The endothelialwear seems to be so severe that the cellmem-
branes rupture causing the cytoplasm and nucleus leaked out resulting
in the decrease in the number of nucleuses in Fig. 7. These clear signs of
wear on aorta surface required the catheters to be coated with suitable
coating, HADN-PBA seems to be a possible solution.

3.5. Biocompatibility of HADN-PBA coating

Another important consideration for the use of HADN-PBA in vivo is
the cytotoxicity. In general, coating on medical device like PU for
cardiovascular catheter should be non-cytotoxic to cells [13,43,44]. In
this study L292 cells were chosen for the cytotoxicity study. The coating
of HADN-PBA was cocultured with L292 cells for 1, 3, 7 days and mea-
sured by XTT. The results in Fig. 8 indicated that L292 adhered on all sur-
face well. After 3 days proliferation the cell on all surfaces shows high
metabolic activity, indicating the coating is completely safe for biomed-
ical application.

Surface coatings of the medical devices are introduced to maintain
high lubrication and a low tissue wear [45,46]. Furthermore, some
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coated catheters have been tested in clinical trials such as a hydrogel-
and teflon-coated catheters. Teflon-coated catheters, also known as
poly (tetralfouroethanlene) coating are commercially available from
BardMedical, while their ability to reduce luminal irritationwas inferior
compared to the hydrogel-coated catheters [47]. Hydrogels, the
swellable and hydrophilic polymer networks, contains a large amount
of water on the catheter surface aim to decrease friction forces while
in a clinical trial of 226 patients no difference was measured between
the catheter coated with and without hydrogel [48]. Moreover, In an
in vitro study, it was shown that the hydrogel coating actually increased
the rate of catheter blockage [49]. Since the clinical problems associated
with friction, wear and iatrogenic particle release still remain we envis-
age that newdevelopments in ultra-thin coatings requires necessary at-
tention from the surface science community and this study is thus a step
in the right direction. Here, we first built an untra-thin lubricious coat-
ing based on two biocompatible biopolymers HADN and PBA, which is
no risk of large particle release. High lubrication by the HADN-PBA coat-
ing maintains the luminal surface of the blood vessel intact even after
450 cycles of sliding, suggesting this coatingwill benefit the catheteriza-
tion in the clinic.

4. Conclusion

In the study we present a polyethylene glycol functionalized
hyaluronic acid based ultra-thin coating which provides excellent lubri-
cation to the catheter surface. Superior water holding capability of poly-
ethylene glycol loops and tails provides this excellent lubrication. This
coating helps prevent any wear of the luminal surface of blood vessel
for the tested 450 cycles of sliding. The coatings also shows high bio-
compatibility, demonstrating that the coating is safe clinical application.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.matdes.2020.109080.
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