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Abstract 

Biomaterials employed in the articular joint cavity, such as polycarbonate 

urethane (PCU) for meniscus replacement, lack of lubrication ability, leading to 

pain and tissue degradation. We present a nanostructured adhesive coating 

based on dopamine modified hyaluronan (HADN) and poly-L-lysine (PLL), which 

can reestablish boundary lubrication between cartilage and biomaterial. 

Lubrication restoration takes place without the need of exogenous lubricious 

molecules but through a novel strategy of recruitment of native lubricious 

molecules present in the surrounding milieu. The biomimetic adhesive coating 

PLL-HADN (78 nm thickness) shows a high adhesive strength (0.51 MPa) to PCU 

and high synovial fluid responsiveness. The quartz crystal microbalance with 

dissipation monitoring (QCM-D) shows the formation of a thick and softer layer 

when these coatings are brought in contact with the synovial fluid. X-ray 

photoelectron spectroscopy (XPS) and ConA-Alexa staining show clear signs of 

lubricious protein (PRG4) recruitment on the PLL-HADN  surface. Effective 

recruitment of lubricious protein by PLL-HADN caused it to dissipate only one-

third of the frictional energy as compared to bare PCU when rubbed against 

the cartilage. Histology shows that this reduction makes the PLL-HADN highly 

chondroprotective, whereas PLL-HA coating  still shows signs of cartilage wear. 

Shear forces in the range of 0.07-0.1 N were able to remove ~80% of the PRG4 

from the PCU-PLL-HA but only 27% from the PCU-PLL-HADN. Thus in this study, 

we have shown that surface recruitment and strong adsorption of 

biomacromolecules from the surrounding milieu is an effective biomaterial 

lubrication strategy. This opens up new possibilities for lubrication system 

reconstruction for medical devices.  

Keywords: Nanostructured coating, biolubrication system, polymeric, 

biomacromolecules, glycoprotein 
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1. Introduction 

Biomacromolecules play a vital role in sustaining physiological functions in 

living systems especially at sliding interfaces where lubricious films composed 

of adsorbed macromolecules like proteins, glycoproteins, lipids, and 

polysaccharides support a wide range of normal and shear stresses1. Salivary 

lubricious film on oral surfaces2, tear film on ocular surfaces3 and lamina 

splendens on cartilage4 surfaces provide ultra-low friction and wear protection. 

Hydration lubrication4,5 and sacrificial layer 6,7 are the mechanisms proposed 

for this ultra-low friction and wear protection, which is enabled by the 

lubricious film with the capability of water immobilization4,8. Effective high 

lubrication is an essential feature of healthy articulating interfaces in the 

human body. The insertion of biomaterials and medical devices e.g. silicone 

hydrogel as contact lenses, polycarbonate urethane (PCU) for meniscus 

replacement, and so forth, disturbs the highly evolved and natural lubrication 

system because the biomaterials are often not designed to provide lubrication. 

This may lead to symptoms like irritation, discomfort, pain, inflammation, and 

even tissue damage9,10. PCU, for instance, is a popular biomaterial used for 

various types of meniscus replacements11,12. When rubbing against the 

cartilage during the swing phase of the gait cycle, PCU gives rise to an order of 

magnitude higher coefficient of friction as compared to the native meniscus 

due to the inability of PCU to adsorb lubricating molecules from the synovial 

fluid9. Surface modification in the form of texture and coatings are often 

employed to enhance lubrication of engineering systems. Inspired by the 

native lubrication system of cartilage, where glycoproteins (PRG4)13 adsorbed 

on the surface play an important role in biological lubrication4,14, bottlebrush 

molecules15 and deblock copolymers16,17 either physisorbed15,16 or grafted17 to 

the surface has been shown to provide lubrication. These artificial and 

exogenous lubricants on the biomaterial surface replace the natural lubricant 

in the fluid phase, which brings their durability in question due to the turnover 

of all biopolymers in vivo. Micro texturing, unfortunately, has been shown to 

increase friction under physiological conditions18.  

In an actual joint cavity, the natural glycoprotein, e.g., PRG4 (lubricin), is 

present in ample amounts. Instead of using PRG4 as inspirations to produce 
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exogenous molecules, why not utilized them to lubricate the biomaterial 

surface? To utilize PRG4, the biomaterial surface needs to be modified in such 

a way that the PRG4 can be recruited from the synovial fluid (SF) and adsorb 

tenaciously on the biomaterial surface despite the presence of albumin the 

most abundant and surface-active protein9,19. In the current study, we explore 

the possibility of such a surface modification in the form of a layer-by-layer 

coating composed of hyaluronic acid (HA), a naturally available polysaccharide 

in SF, and dopamine modified HA. HA is abundant in body fluid and shows a 

high affinity to PRG4 and yields high lubrication at the cartilage surface20. With 

the dopamine modification of HA, we expect to impart even higher adhesive 

nature towards the PRG4 molecules. Hitherto, surface recruitment of native 

biomacromolecules has been used to hydrate and lubricate biological tissue, 

e.g., oral mucosa2 and articular cartilage21–23, but not used yet to provide 

lubrication to a biomaterial surface.  

Thus, the study aims to create an HA-based layer-by-layer nanostructured 

coating which tenaciously adheres to the biomaterial (PCU took as an example) 

and recruits PRG4 from the SF to provide lubrication against cartilage. The 

research question is whether HA able to recruit PRG4 from SF and provide 

lubrication or the dopamine modification of HA is necessary?    

The kinetics of the layer-by-layer (LbL) self-assembly of PLL-HA and PLL-HADN 

and their ability to recruit biomacromolecules from the synovial fluid (SF) was 

monitored by a quartz crystal microbalance with dissipation monitoring (QCM-

D) in real-time. Type of adsorbed macromolecules was identified using the X-

ray photoelectron spectroscopy (XPS), ATR-FTIR, and fluorescent ConA staining. 

The adhesion strength of the coatings on PCU was analyzed by using a 

universal mechanical testing machine. The lubrication properties were 

evaluated at the nanoscale with colloidal probe atomic force microscopy (AFM). 

Cartilage-PCU lubrication system, the most typical part of the body, was then 

taken as an example to transfer the strategy to a more relative situation at the 

macroscale. Besides lubrication, the wear of cartilage and biocompatibility of 

coatings were also evaluated in the study.  
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2. Experimental Section 

2.1. Synthesis of HADN and QCM-D monitoring of PLL-HA and PLL-HADN LbL 

formation  

Dopamine modification of HA to obtain HADN was synthesized via 

carbodiimide chemistry using the protocol presented in detail in the 

supplementary information. QCM-D device model E4 (Q-sense, Gothenburg, 

Sweden) was used to monitor the layer by layer assembly of cationic poly-L-

lysine (PLL) and anionic HA or HADN. The mass adsorption on the golden 

coated crystal surface resulted in a decrease in resonant frequency (f) and an 

increase in dissipation (D). The ratio between D and f gives information 

about structural softness. Before the experiment, the gold-coated quartz 

crystals with 5 MHz were cleaned by 10 min UV/ozone treatment to kill the live 

microbe, followed by immersion into a 3:1:1 mixture of ultrapure-water, 

ammonium hydroxide and H2O2 at 75°C for 15min and by drying with N2 and 

another 10 min UV/ozone treatment. QCM-D chamber was perfused with 

buffer (pH=7.4) using a peristaltic pump (Ismatec SA, Glattbrugg, Switzerland). 

When stable baselines for both frequency and dissipation at third harmonics 

were achieved, 0.5 mg/ml PLL in PBS solution (pH=7.4) was introduced at 25°C 

for 10min with a flow rate of 50 µl/min, corresponding with a shear rate of 3 

s−1 after which, the chamber was perfused with 0.05% w/v of HA or HA-DN in 

PBS (pH =7.4) for 10 min to form a second layer then followed by another 10 

min of PLL to form a third layer until 8 layers were formed. In between each 

step, the chamber was perfused with buffer for 10 min till a stable frequency 

shift was observed to remove any unabsorbed molecules from the tubing or 

crystal chamber. Frequency and dissipation were measured in real-time during 

perfusion. After 8 layers formation, some crystals were removed from the 

QCM-D to characterize the topography of the PLL-HA and PLL-HADN coatings. 

On the other hand, some crystals containing PLL-HA and PLL-HADN coatings 

were exposed to bovine synovial fluid for 10 minutes followed by 10min PBS 

rinse to remove unabsorbed molecules from the crystal chamber. Crystals 

exposed to synovial fluid were then placed under the colloidal probe atomic 
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force microscope2,24 to measure the nanoscale friction, the detailed protocol is 

presented in supporting information (SI).  

2.2. Surface characterization of PLL-HA and PLL-HADN coatings 

The surface roughness of the samples was measured by atomic force 

microscope (AFM) (Nanoscope IV Dimension tm 3100, USA) equipped with a 

dimension hybrid XYZ SPM scanner head (Veeco, New York, USA) on the 

surface of  PLL-HA and  PLL-HADN combination layers with a scan area of 5×5 

µm2  in PBS on crystal surface and a scanning frequency of 1 Hz, and a scan 

area of 20×20 µm2 on PCU disks in the air condition. Water contact angle 

measurements were also 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 and over three measurements were carried out for each sample. The 

chemical composition after exposing to SF was evaluated by X-ray 

photoelectron spectroscopy (XPS) and the details are presented in SI. 

2.3. Adhesion Tests 

The adhesion strength of PLL-HADN  and PLL-HA coatings was investigated by a 

universal mechanical testing machine, according to the standard procedure 

ASTM D100225,26. Two PCU disks were covered with nanostructured coatings, 

one with 4 layers with the outmost layer of HA or HADN, another PCU 

(3mm×3mm) with 4 layers with the outmost layer of PLL using the same 

procedure as for QCM-D. The two PCU disks were then put into contact and 

maintained at 40℃ for 18 hours. The two disks were then pulled apart with a 

crosshead speed of 5mm/min. The bonding strength can be determined from 

the maximum force-deformation curve. The average and standard deviations 

were obtained from 3 samples. 

2.4. Concanavalin A (ConA) staining of glycoprotein27,28  

ConA is widely used for staining glycoprotein and mucin. PLL-HA and  PLL-

HADN coatings after exposure to SF named PLL-HA-SF and PLL-HADN-SF 

respectively were fixed with paraformaldehyde (Sigma, CAS no.30525-89-4) at 

room temperature for 30min. After rinsing with PBS, ConA-Alexa 

(ThermoFisher, Catalog no. C11252) with a concentration 1µg/ml in PBS add to 
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the crystal surfaces incubate at room temperature for 45min.  Fluorescent 

images were obtained using a confocal laser scanning microscope (TCS SP2, 

Leica, Wetzlar, Germany), equipped with an argon-ion laser at 488 nm. The 

crystal was always kept wet and in the dark condition during staining and 

before microscopic examination. The green fluorescent intensity from each 

fluorescent micrograph was calculated using the Image J program29,30. 

2.5. Lubrication properties on ex-vivo model 

The PCU coated with PLL-HA and PLL-HADN immersed in synovial fluid were 

rubbed against bovine cartilage in reciprocating sliding on a universal 

mechanical tester (UMT-3, CETR Inc., USA). The synovial fluid and 

osteochondral plug from cartilage were collected according to the protocol 

described in detail in the supplementary information. The cartilage and PLL-HA 

and PLL-HADN coated PCU disks were slid in the presence of SF at a normal 

load of 4N (0.4 MPa)31, and a sliding speed of 4mm/s. The sliding distance used 

was 10 mm per cycle which gave a total distance of 1.44 m in 60 minutes of 

sliding. The PCU without any coating modification was the negative control. All 

the friction experiments were performed at 35°C to mimic the physiological 

environment in the knee joint in a heated device full of synovial fluid.  

2.6. Change in cartilage and PCU surface after sliding 

After sliding against coated and uncoated PCU surfaces, the cartilage surface 

was rinsed with PBS and the roughness measured with AFM in PBS with a 

scanning frequency of 1 Hz, and a scan area of 50×50 µm2. Other cartilage 

plugs were fixed in 3.7% paraformaldehyde for 45 min at room temperature, 

followed by rinsing with PBS. Then cartilages were dehydrated, gold-coated, 

and observed with SEM. The PCU after rubbing were fixed in 3.7%  

paraformaldehyde for 15 min at room temperature, followed by rinsing with 

PBS. ConA with a concentration 1µg/ml in PBS add to the PCU surfaces and 

incubated at room temperature for 45min. Before taking fluorescent images by 

confocal, each PCU was rinsed with PBS three times for 5 min. The PCU was 

always kept in a wet condition and shading condition. 

2.7. Cartilage Histology 

Cartilage plugs after sliding were fixed in 3.7% paraformaldehyde for 12 hours 

at 4℃, followed by thorough washing with PBS. The plugs were then 

C
h

a
p

te
r 5

 



Chapter 5 

110 

 

decalcified in 10% EDTA solution (pH>8）for 8 weeks followed by dehydration 

with graded alcohol and wax embedding. The embedded cartilage was 

sectioned to 5 µm thickness and stained with 1% Alcian blue 8GX (Sigma-

Aldrich) in 3% acetic acid (pH =2.5) for GAGs and acetic mucins and 0.1% Fast 

Red in 5% aluminum sulfate solution for the nucleus. The collagen was stained 

by 0.1% Picrosirius Red.  

2.8. Statistical analysis 

All data are expressed as means ± SD. Differences between groups by using 

two-tailed Student’s t analysis, accepting significance at p < 0.05. 

3. Results and Discussion 

3.1. Dopamine modification of HA and its Characterization. 

Hyaluronic acid-dopamine conjugate (HADN) with 18.2% conjugation degree 

was prepared using the well-known carbodiimide chemistry with the active 

agent of N-(3-Dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride 

(EDC)26,32–34. A detailed description of the result is presented in the 

supplementary information. 

3.2. Preparation and characterization of HA and HADN based LbL self-

assembled coating  onto  PCU surface 

LbL self-assembly requires oppositely charged polyelectrolytes, HA being an 

anionic polysaccharide, we used poly-L-lysine (PLL) as the cationic 

polyelectrolyte. The formation of PLL-HA and PLL-HADN LbL coating were 

investigated using QCM-D on Au coated crystals, which is able to detect mass 

changes and viscoelastic features of a film in real-time.  PLL (0.5mg/ml in 10 

mM PBS) and HADN (0.5mg/ml in 10 mM PBS) or PLL and HA (0.5mg/ml in 10 

mM PBS)  were repeatedly purged through the QCM-D device one after the 

other at a flow rate of 50µl/min for 10 min with intermediate rinsing with PBS. 

Figure 1a shows of frequency (Δf) and dissipation (ΔD) shifts with time- 

dependent for the 3rd harmonic. It could be seen that the frequency decreases 

with each PLL and HA or HADN injection. Increasing negative frequency shifts 

indicate at each step indicates the mass increasing on the crystal surface. PBS 

rinsing between each step to remove the free polyelectrolyte causing a small 

change of frequency, indicating PLL and HADN or HA link to each other very 
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well through electrostatic interactions under physiological pH and ionic 

strength. After 8-layer deposition (beginning with PLL and end with HADN or 

HA), the frequency shift of -317±23 and -306±18 for PLL-HADN and PLL-HA 

respectively was observed.   

 

Figure 1. Layer by layer self-assembly of PLL-HA and PLL-HADN coatings, their 

thickness, topography and adhesion strength to PCU.  (a) Kinetics of PLL−HADN and 

PLL−HA coatings monitored using QCM-D with a normalized frequency (Δf) and 

dissipation (ΔD) shifts at the third overtone as a function of time. (b) Cumulative 

thickness evolution of PLL−HA and PLL−HADN as a function of deposition layers 

estimated by fitting a Voigt viscoelastic model to the QCM-D data. (c) AFM images of 

the bare QCM-D crystal surface and crystal with eight deposition layers of PLL−HA and 

PLL−HADN. (d) Pull-out experiment of eight deposition layers on PCU disks for adhesive 

strength measurement presented in terms of force versus displacement. (e) Adhesion 

strength of PLL−HA and PLL−HADN coatings between PCU disks. Error bars represent 

the standard deviations over three independent measurements. The statistical 

differences (two-tailed Student’s t test) correspond to PLL−HA and PLL−HADN coatings, 

**p < 0.01. 

An increasing in ΔD was detected at each step of PLL and HADN or HA injection 

due to the viscoelastic nature of the adsorbed polymeric layer. The structural 

(a)

5um

(c) Bare crystal PLL-HA PLL-HADN

(b)

(d)
(e)
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softness of the eight layers calculated by ΔD/Δf in Figure S4 but observed no 

significant difference between PLL-HA and PLL-HADN, indicating the two 

coatings are similar with respect to their structural softness.  By fitting a Voigt 

model25 to the frequency and dissipation shifts and using a coating density and 

viscosity of 1000 kg.m-3, 1 mPa.s respectively, PLL-HA and PLL-HADN coatings 

showed an exponential growth in thickness (figure 1b) at each step leading to a 

thickness of 65 and 78 nm after 8 layer deposition. Silica spheres coated using 

the same protocol with PLL only, PLL-HA and PLL-HADN (Figure S3) show zeta 

potentials of +47±2.04, -23.9±3.78 and -34.58±2.8 mV respectively. The result 

shows that the positive zeta-potential from PLL is completely masked by HA 

and HADN and both PLL-HA and PLL-HADN coatings will be negatively charged 

in vivo. Significantly higher negative zeta-potential of PLL-HADN as compared 

to PLL-HA can possibly be due to higher mass adsorption and thickness shown 

by QCM-D (Figure 1a and b). HADN can form covalent bonds between the 

catechol group on the HADN and the amine group in PLL by Michael addition 

or Schiff base in the physiological environment (pH=7.4)32,34, leading to 

consolidation and a relatively higher mass adsorption of HADN as compared to 

HA Figure 1a. In the study of Lee et al.32 and Neto et al.25, around 100 nm 

thickness was obtained with chitosan and HADN for a 10-layer coating in acidic 

solution (pH=5) while here we found slightly lower but of the same order less 

thickness of PLL-HA and PLL-HADN at a physiological environment (pH 7.4).   

Table 1.  Static water contact angle (WCA) and roughness (Rq) on various surfaces  

Surfaces Photographs WCA (°) Rq (nm) 

Bare Au Crystal 
 

65±2.8 3.05±0.2 

PLL-HA 32±1.6 23.3±4.0 

PLL-HADN 33±0.9 19.3±3.9 

 

The roughness of the QCM-D crystal surface after the LbL assembly of PLL-HA 

and PLL-HADN increased (Figure. 1c and Table 1) 6 folds both as compared to 

bare crystal. Other researchers have shown that after hydrophilic compound 

adsorption on crystal causes an increase in roughness and a decrease in water 

contact35. An increase in hydrophilicity is confirmed in our study too (Table 1) 
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where the water contact angle on PLL-HA or PLL-HADN was half that of the 

bare crystal (65±2.8o). The changes in the water contact angle and topography 

along with QCM-D results demonstrate the presence of PLL-HA and PLL-HADN 

coating on the crystal.  

3.3. Adhesion of HA based LbL coatings onto the biomaterial (PCU).  

The adhesion strength of PLL-HADN coating on PCU substrate was evaluated 

by a universal mechanical testing machine, according to the standard 

procedure ASTM D100225,26. The result show (Figure 1d) the adhesive strength 

for PLL-HADN to be 0.56±0.21 MPa, which is significantly and 3.5 folds higher 

than 0.16±0.05 MPa for PLL-HA(Figure 1e). The difference is caused by the 

dopamine modification of HA, where the reason would be the same as the 

formation of a thicker layer, mentioned above.  After the adhesion test, PCU 

disks with the remaining coating were observed under the AFM and water 

contact angle measurement in Figure S5 and Table S1. It was shown that the 

roughness on PCU-PLL-HA (41.6±3.9 nm) and PCU-PLL-HADN (57±10.2 nm) was 

significantly higher than the bare PCU surface (11.6±2.7 nm), while the water 

contact angle is lower than bare PCU as well. This is an indication that on both 

detached plates there are still parts of the polymer left, indicating a cohesive 

failure of the two LbL coatings and a very strong adhesive bond of the coating 

with the PCU surface. The obtained adhesive strength was lower than the 

results reported in the other study of multilayer with catechol group involved, 

where the adhesive strength 2 MPa25,26 was measured. The difference could be 

caused by the polycation, in literatures, chitosan was selected in acidified 

solution while here PLL was selected and all the experiment were performed in 

a physiological environment, furthermore, the substrate was different as well. 

3.4. Response of PLL-HADN and PLL-HA coating to synovial fluid. 

HA, glycoproteins (PRG4 or lubricin) and surface-active phospholipids (SAPL) 

working synergistically in forms of lamina splendens are responsible for 

remarkable boundary lubrication of cartilage with s reported coefficient of 

friction of ~0.0054,36–38. PRG4 does not adsorb on biomaterials due to the 

blocking effect of albumin, which is abundantly present in the fluid9. This lack 

of adsorption gives rise to a high coefficient of friction between tissue and 

biomaterial, especially during the swing phase of the gait cycle31. Thus it is 
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interesting to find out how the HA-based nanostructured coatings would 

interact with synovial fluid. Figure 2a shows that upon injection of synovial 

fluid in the QCM-D after 8 layers deposition of PLL-HA and PLL-HADN, a 

dramatic frequency shift around -431±26 Hz and -342±19Hz of PLL-HADN-SF 

and PLL-HA-SF respectively, indicating a larger amount of molecular adsorption 

on PLL-HADN as compared to PLL-HA from synovial fluid. On PLL-HA the 

synovial fluid molecules remain in contact while the synovial fluid is in contact, 

the moment QCM-D chamber is purged with PBS most of the adsorbed 

molecules rinse away with a return in frequency, indicating the weak 

adsorption of SF molecules on PLL-HA. On the contrary for PLL-HADN-SF the Δf 

and ΔD/Δf remains stable at -421±18 Hz and 1.53±0.05×10-6 respectively, 

suggesting firm adsorption of synovial fluid constituents on PLL-HADN surface. 

Such tight bonding of synovial fluid constituents on the PLL-HADN surface 

could be caused by the strong adhesive nature of HA-DN. The structure 

softness of PLL-HA-SF was found to be significantly lower than for PLL-HADN-SF 

(Figure 2b) indicating a highly hydrated film of PLL-HADN-SF.  

Table 2 Elemental composition of the PLL-HA-SF and PLL-HADN-SF layers in terms of 

C, N and O measured with XPS. 

Samples 
Atomic  percentages (%) 

C N O N/C 

PLL-HA-SF 45.1 ± 2.7 6.9 ± 1.4 27.4 ± 2.2 15.3 ± 2.2 

PLL-HADN-SF 43.9±0.12 8.47 ± 0.65 29 ± 3.46 19.3 ± 1.4 

 

X-ray photoelectron spectroscopy (XPS) in Table S1 and Figure 2c was used to 

analyze the elemental composition of the coating surface after exposure to 

synovial fluid (SF). Table 2 shows the relative contents of C, N, and O. 

Significantly higher nitrogen (N) on PLL-HADN-SF (8.47±0.65) as compared to 

PLL-HA-SF (6.9±1.4) and the ratio of N/C was increased in PLL-HADN-SF (19.3 ± 

1.4) compare to PLL-HA-SF (15.3 ± 2.2) indicate higher protein adsorption on 

PLL-HADN surface. C1s spectra of each surface could be deconvoluted into 

three different curves: C−(C,H), C−N, and C=O, and their percentages for PLL-

HADN-SF and PLL-HA-SF are differently shown in Table 3, suggesting different 

protein detected on the surface39. The O1s peak at 532.7eV is related to the O 
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from glycoprotein2,24 and the amount is 12.2 ±0.43 on PLL-HADN-SF, which is 

significantly higher than 10.5±0.35 found on PLL-HA-SF (Figure S6 and Table 3), 

suggesting higher glycoprotein (PRG4) adsorption on the PLL-HADN surface. 

The glycoprotein adsorption was confirmed by ATR-FTIR spectroscopy where 

the obvious higher absorption band from 950 to 1200 cm-1, the characterized 

band of glycoprotein40, was detected in PLL-HADN-SF (Figure 2d). For visual 

confirmation of glycoprotein adsorption, the films were stained with 

fluorescent conA (Concanavalin A, Alexa Fluor™ 488 Conjugate), which is a 

non-specific stain for glycoproteins and mucins41,42. The results in Figure 2e 

show that much more green fluorescence was visible on the PLL-HADN-SF as 

compared to PLL-HA-SF surface and significantly higher than the PLL-HA-SF in 

Figure 2f. The results of  XPS, ATR-FTIR, and conA staining are in agreement 

that PLL-HADN can recruit glycoprotein like PRG4 from synovial fluid and 

immobilize glycoprotein tightly onto the surface. However similar 

phenomenon was not detected on PLL-HA coatings, which could be due to the 

interference of albumin in the interaction of PRG4 with HA19. Dopamine 

modification of HA gives it an ability to interact with PRG4 and overcome the 

blockage offered by albumin. Most likely, on the PLL-HADN surface both 

albumin and PRG4 were adsorbed as shown by the higher N concentration 

(Table 2).  

Table 3 Different chemical bonds found in the PLL-HA-SF and PLL-HADN-SF layers 

measured using XPS. 

Samples 
C1s BE and relative area (%) O1s BE and relative area (%) 

C-C C-N C=O N-C=O H-O-C  

PLL-HA-SF 66.8 21.2 12 60.2 39.8  

PLL-HADN-SF 52.5 30.9 16.6 56.3 43.7  

 

3.5. Nano-lubrication properties of PLL-HADN-SF or PLL-HA-SF coatings  

Colloid probe AFM is widely used in tribology research for its high sensitivity 

and ability to mimic boundary lubrication conditions at nanoscale2. In the 

present study, this technique was used to measure the coefficient of friction of 

the nanostructured coating after exposure to the SF i.e. PLL-HADN-SF or PLL-

HA-SF. The AFM cantilever decorated with a 22 µm  silica ball was pressed 

and slid against the coatings with increasing normal force of up to 43 nN in PBS, 
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the protocol is described in vivid detail in the supplementary information. 

Figure 3a shows that the coefficient of friction (COF) of the bare QCM-D crystal  

to be 0.28, which is consistent with literature2. The COF significantly decreased 

to 0.08 for PLL-HA-SF and 0.02 of PLL-HADN-SF respectively. This drop is both 

because of the nanostructured coatings and the PRG4 recruited from the SF 

(Figure 2a) for the PLL-HADN-SF, which yielded an extremely low COF (0.02). 

Contact of AFM colloidal probe with crystal Figure 2b shows a hard material 

compared with the softer film due to long-range repulsive force between film 

and approaching probe2. The PLL-HADN-SF showed the largest range of 

repulsive force, indicating a softer and highly hydrated film it was.  

 

Figure 2. Exposure of PLL-HADN and PLL-HA coatings to the synovial fluid (SF) formed 

PLL-HADN-SF and PLL-HA-SF coatings, respectively. (a) Adsorption of 

C1S
O1S

C1S
O1S

PLL-HA-SF

PLL-HADN-SF   

(a)

(e) PLL-HA-SF PLL-HADN-SF

(c)

(b)

(d)

(f)
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biomacromolecules on PLL-HADN and PLL-HA from the SF monitored using the QCM-D 

in terms of frequency (Δf) and dissipation (ΔD) shifts at the third overtone as a function 

of time. (b) Structural softness of the PLL-HA-SF and PLL-HADN-SF coatings in terms of 

the ΔD/Δf. (c) Relative contents of C and O on PLL-HA-SF and PLL-HADN-SF analyzed by 

XPS. (d) Composition of PLL-HA-SF and PLL-HADN-SF analyzed by ATR-FTIR. (e) 

Glycoprotein on surfaces stained with ConA and (f) their fluorescence intensity 

calculated with Image J. Scale bars represent 100 μm. Error bars represent the 

standard deviations over three independent measurements on separately prepared 

samples. Statistically significant (*=p < 0.05, and  ***=p<0.001 two-tailed Student t-

test). 

 

Figure 3. Nanofrictional properties measured using the colloidal probe AFM on the 

PLL-HADN-SF and PLL-HA-SF layers formed on the QCM-D crystal surface. (a) Friction 

force as a function of normal force during increasing and decreasing normal forces on 

the bare crystal and on the crystal surface with PLL−HA−SF and PLL−HADN−SF layers. 

(b) Example of the repulsive force measured as a function of tip separation distance 

from the bare crystal and from the crystal with PLL−HA−SF and PLL−HADN−SF layers. 

Error bars represent the standard deviations over three independent measurements 

on separately prepared samples. 

Lubricin (PRG4) and HA working synergistically are able to provide considerable 

boundary lubrication4,14, and yield a very low COF 43 after adsorption on soft 

surface. The behavior of lubricin (PRG4) adsorbed on PLL-HADN coating surface 

is really interesting when compared to the findings of Majd et al9, where PRG4 

was unable to adsorb on HA due to the blocking effect of albumin. Here we still 

found very limited PRG4 on PLL-HA coating but on PLL-HADN a large amount of 

PRG4 was observed and yield a low friction.  

(a) (b)
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3.6. Ex-vivo lubrication nanostructured PLL-HA and PLL-HADN coatings on 

PCU surface against cartilage in synovial fluid 

PCU is currently used for making a synthetic meniscus implant to replace 

damaged meniscus implant19,44, while its lubrication properties during the 

swing phase are suboptimal31 and need improvement. It was shown that in 

low-loaded (4N) i.e. swing phase of gait cycle the friction between PCU and 

cartilage is an order of magnitude higher as compared to natural meniscus and 

cartilage31, increasing chances of cartilage wear while rubbing against PCU. 

Since the PLL-HADN multilayer shows high adhesive strength on the PCU 

surface and yields a high lubricity when exposing to synovial fluid at nanoscale, 

it is important to evaluate its lubrication performance at macroscale against 

cartilage ex-vivo (Figure 4). Cartilage from bovine femoral head in the form of 

osteochondral plugs were slid against the PLL-HADN or PLL-HA on PCU 

substrate at 4mm/s, under a constant load of 4N in the presence of synovial 

fluid at 35℃19 to mimic swing phase.  

The result in Figure 4a shows that in the beginning the COF is high but after a 

few minutes the COF decreases and becomes stable with a steady-state COF. 

Respectively, the average and steady-state COF (Figure 4b) between cartilage 

and bare PCU are 0.037±0.006 and 0.032±0.004, which is significantly higher 

than the one of PCU-PLL-HA (0.026±0.003 and 0.024±0.0015) and PCU-PLL-

HADN (0.02±0.002 and 0.018±0.002). The typical friction force Vs sliding 

distance curves on different surfaces at 30 min is shown in Figure 4c, the area 

value can be calculated by applying the definite integral algorithm45. A larger 

area was obtained between cartilage and bare PCU in Figure 4c, indicating 

more energy dissipation and intensive wear46 happened between cartilage and 

PCU. Significantly less energy dissipation, in 1 hour, was obtained for PCU-PLL-

HADN (722 ± 191 mJ) compared to on PCU-PLL-HA (1251±180 mJ) and on bare 

PCU (1952 ± 278.8 mJ) because of better lubrication, obtained due to the PRG4 

recruitment allowed by PLL-HADN coating as shown in Figure 4f. The 

observation of COF and dissipated friction energy between cartilage-PCU with 

or without PLL-HA and PLL-HADN coating modification in synovial fluid, 

suggests that the concentration of lubricant in the local environment is not the 

key factor of lubrication but the amount of lubricant that is immobilized on the 
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sliding surface dominant the role. A similar phenomenon was observed by 

Singh et al.21, who restored the cartilage lubrication through HA binding 

peptide to immobilize HA to the surface of degraded cartilage. Similar strategy 

of HA recruitment was used on the contact lenses to enhance water 

retention47. It has been demonstrated that energy loss has naturally occurred 

in viscoelastic nonlinear materials and the loss of energy in the process of 

reciprocal sliding friction was positively correlated to the surface injury46,48. 

 
Figure 4. Lubrication performance of the cartilage−PCU friction system in synovial fluid 

where the cartilage slides against bare PCU and with PLL−HA or PLL−HADN coatings at 

35 °C, 4 mm/s, with a normal load of 4 N (giving rise to ∼0.4 MPa contact pressure) for 
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1 h (1.44 m total sliding distance). (a) Change in COF between the cartilage and 

different PCU surfaces in synovial fluid. (b) Average and steady state (at the end of 60 

min) COF. (c) Typical friction force versus sliding distance curves on different surfaces 

at 30 min. (d) Frictional energy dissipation after1 h of sliding (720 cycles). (e) Images of 

the cartilage−PCU friction system and the typical osteochondral plug and PCU disk. (f) 

Schematic figure showing the layer-by-layer assembly of PLL−HA and PLL−HADN 

followed by the important role of dopamine-modified HA (HADN) in recruitment of 

glycoproteins (PRG4) from the synovial fluid despite the presence of albumin 

molecules. Error bars represent the standard deviations over three independent 

measurements on separately prepared samples. Statistically significant (p < 0.05, two-

tailed Student’s t test) differences in COF (average and steady state) and energy 

dissipation on PCU−PLL−HA with respect to bare PCU are indicated by *. Significant 

differences in COF (average and steady state) and energy dissipation on 

PCU−PLL−HADN with respect to PCU−PLL−HA are indicated by
#
. 

 
Figure 5. Con A-Alexa labeled glycoprotein (PRG4) recruited by bare and PLL-HA- and 

PLL-HADN- coated PCU surfaces from the synovial fluid. Error bars represent the 

standard deviations over three independent measurements on separately prepared 

samples. Statistically significant (p < 0.01, two tailed Student t-test) differences in 

fluorescence intensity on PCU-PLL-HA with respect to bare PCU are indicated by**. 

Significant differences in fluorescence intensity PCU-PLL-HADN with respect to PCU-

PLL-HA are indicated by 
##

. 

3.7. Surfaces characterization of PCU-PLL-HA, PCU-PLL-HADN and cartilage 

after sliding.  

In order to clarify the mechanism and consequence during the tribology 

behavior, before and after sliding, the PCU surfaces were stained with ConA 
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and the cartilage surfaces were studied using scanning electron microscopy 

(SEM), AFM and histology. The result in Figure 5 shows very little green 

fluorescence on the bare PCU after 60 minutes (1.44 m) sliding against 

cartilage. On PCU-PLL-HA the fluorescent intensity significantly (p<0.01) 

decreased from 8.5±1.8 (×105 a.u.) to 1.9±0.4(×105 a.u.), which could be 

caused by the poor adhesive ability of PRG4 on PLL-HA surface. No significant 

decreasing of fluorescent intensity in PCU-PLL-HADN was observed before and 

after rubbing with a fluorescent intensity of 33.3±12 (×105 a.u.)  and 24.2±2.5 

(×105 a.u.) respectively, indicating that the glycoproteins were tightly 

immobilized on the PCU-PLL-HADN surface and PLL-HADN remained tightly 

attached to PCU.  

 
Figure 6. Changes in the cartilage surface after 1 hour (1.44 m) sliding against the bare 

and PLL-HA- and PLL-HADN-coated PCU surface in the presence of synovial fluid. (a) 
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SEM images of the cartilage showing craters in some cases. (b) AFM images of the 

cartilage surface. (c ,d) Histological section of the cartilage. (c) Cartilages slices stained 

with Alcian blue and nuclear fast red where Alcian blue stains glycosaminoglycans 

(GAGs), and nuclear fast red visualizes the nucleus of chondrocyte cells. (d) Collagen 

stained with Picrosirius red (PR). Panels (c) and (d) together show obvious surface 

damage (wear) on the cartilage after sliding against bare PCU and PCU−PLL−HA, while 

the cartilage surface sliding against PCU−PLL−HADN seems to remain unchanged. 

In the SEM images of native cartilage without rubbing (Figure 6a), the surface 

was covered with an uneven and amorphous protein layer, which could be the 

lamina splendens composed of various biomacromolecules on top of collagen 

fibers19. The Rq-50 measured on AFM of native cartilage was around 327±23nm 

as shown in Figure 6b, which is consistent with the Rq-100 reported in the 

literature49,50. After rubbing against bare PCU in SF the surface was different as 

shown in SEM images where the collagen fibers appeared on the surface 

without much change in roughness (335.5 ± 43 nm). It could be caused by the 

high friction force leading to loss of superficial layer from the cartilage surface 

and  exposure of  the collagen fibers. The amorphous protein layers were 

observed on cartilage surfaces after rubbing against PCU-PLL-HA and PCU-PLL-

HADN in SF in Figure 6a with a roughness of 278±63 nm and 301±57 nm 

respectively in Figure 6b.  Although no significant difference in roughness was 

observed, the topography was obviously different as observed with AFM and 

SEM. The results of histological evaluation of cartilage is shown in Figure 6c 

and d, where cartilage was stained with Alcian Blue for GAGs51 and acetic 

mucins and Picrosirius Red (PR) for collagen51 respectively. In Figure 6c, the 

smooth margin with a lot of nuclei and GAGs is observed for native cartilage 

without rubbing and a similar phenomenon was found on the cartilage after 

rubbing against PCU-PLL-HADN surface. While on the margin of cartilage 

especially in the group of rubbing against bare PCU, where obvious damage 

with a rougher surface and a substantial reduction of GAGs on the top surface 

was induced. Compare to bare PCU, the cartilage surface rubbing against PCU-

PLL-HA showed a rougher surface as well but not that severe. In Figure 6d, all 

cartilage samples showed a similar staining by PR but the similar rougher 

margin was observed on the cartilage after rubbing against PCU indicated by 

black arrows. Some abrasion (black arrow) was also detected on the PCU-PLL-
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HA surface but not that severe compared to bare PCU. Much less abrasion 

(wear) of cartilage was visible after rubbing on the PCU-PLL-HADN compared 

to the bare PCU and PCU-PLL-HA due to the higher lubrication and lower 

energy dissipation(Figure 4). The recruitment of PRG4 and protein synovial 

fluid on PCU-PLL-HADN surface not only provides better lubrication (lowers 

friction) but is also chondroprotective (lowers cartilage wear). 

The strategy of the recruitment of native biomacromolecules from the 

surrounding milieu on a biomaterial surface to enhance lubrication is novel. 

Recruitment of HA on biomaterial with the use of specific HA binding protein 

has been shown to increase the water retention ability of contact lenses21,47 

but has not been used to enhance lubrication. Recruitment of PRG4 does not 

rule out the possibility of protein and lipid adsorption on PLL-HA or PLL-HADN, 

which may have contributed to lubrication1.  

3.8. Cell behavior on the LbL assembles PLL-HA and PLL-HADN coatings. 

The nanostructured coating for artificial meniscus will come in static and 

sliding contact with cartilage, thus we have tested the safety with the help of 

human chondrocyte cells cultured on PLL-HA and PLL-HADN coating. Although, 

integration of the coating with cartilage tissue is not necessarily still when 

chondrocytes are seeded on the coating surface they spread very well and the 

overview images (Figure S7a) on each surface clearly display a gradual increase 

in surface coverage after 3 days compared to the 1 day. Cell metabolic activity 

of the spread cells was measured by using an XTT assay (Figure S7b) 

(Applichem A8088). Cell after culture for 1d and 14d on three kinds of surfaces 

do not show a significantly different while in 3d and 7d day the cell 

proliferation seems to be greater on the coated PCU surface, even no 

difference was observed between PLL-HADN or PLL-HA coating. The difference 

observed on 3 and 7 days but not on 14 days could be due to the limited space 

for with the number of cell increasing after 14 days.  The safety of the HA- 

based LbL coating may attribute to the topography (Figure 1) and 

hydrophilicity (Table 1) of the surface, suggesting no toxicity of the coating in 

biomedical application. 
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4. Conclusions 

Nanostructured PLL-HA and PLL-HADN coating were successfully obtained and 

were shown to be biocompatible. PLL-HADN showed a high adhesion strength 

on polycarbonate urethane (PCU), a biomaterial used for permanent meniscus 

implants. PLL-HA coating was able to adsorb PRG4 from the synovial fluid but 

the use of dopamine modified HA in the PLL-HADN coating was essential to 

recruit and tenaciously adsorb PRG4 even under high shear forces 

encountered while sliding against the cartilage surface. This tenacious 

recruitment of PRG4 on the PLL-HADN coating provided good lubrication and 

drastically reduced cartilage wear as compared to bare PCU and PLL-HA 

coating. A proof-of-concept was obtained and the similar locally binding and 

concentrated lubricious protein mechanism may also be applied to other 

tissue-medical device interfaces. These findings provide a new key insights for 

the design and fabrication of biomimetic surface decoration, relevant for 

implantable biological interfaces. 
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Supporting Information 

Materials and Methods  

Synthesis of HADN. Hyaluronic acid (Kraeber & Cogmbh, Germany) of 600 kDa 

was coupled with 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). The procedure was proposed as Scheme 1. Briefly, 

40mg HA was dissolved in 8ml PBS and the pH adjusted to 5 with hydrochloric 

acid (HCl). Then 13.5mg EDC and 19mg dopamine were add to the HA solution 

and the pH maintained at 5 for 8 hours under the protection of nitrogen. 

Unreacted chemicals and byproducts were removed by extensive dialysis with 

a dialysis bag (molecular weight cut-off: 3500 daltons, spectrum medical 

industries, USA) for 3days in deionized water (pH 5) and every 3 hours change 

the water. Then conjugate product was lyophilized and stored at 4℃ moisture-

free desiccator for further use. Nuclear Magnetic Resonace (NMR) and 

Ultraviolet spectrophotometry (Uv-vis) were used to analyze the HA-DN. 

Lyophilized sample were dissolved in deuterated water at 5mg/ml for 1H-NMR 

(Bruker Avance, 400MHz) analyses. Dopamine solution with different 

concentration from 0.1mM 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 1cm wide. Then the standard curve was calculated by linear 

fitting. Once we get the absorbance of 1 mg/ml HADN at 280nm the conjugate 

degree can be calculated. 

Colloidal probe atomic force microscopy2,24. Lubrication properties of each 

crystal after synovial fluid adsorption in vitro was evaluate by atomic force 

microscopy (Nanoscope IV Dimension tm 3100).  Friction force measured by 

colloid probe equipped with a dimension hybrid XYZ SPM scanner head (Veeco, 

New York, USA) on the surface of PLL-HADN-SF and PLL-HA-SF. Rectangular, 

tipless cantilevers (length 300±5um, width 35±3um) were calibrated for their 

torsional and normal stiffness using AFM Tune IT v2.5 software. The normal 

stiffness (Kn) was between 0.01 and 0.05 N/m and the torsional stiffness (Kt) 

between 1 and 4 × 10−9 Nm/rad. Subsequently, a silica-particle of 21.83 µm 

diameter (d) (Bangs laboratories, Fishers, IN, USA) was glued to a cantilever 
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with an epoxy glue (Pattex, Brussels, Belgium). The deflection sensitivity (α) of 

the colloidal probe was recorded at a constant compliance with bare crystal in 

buffer to calculate the normal force (Fn) applied using 

Fn = ∆Vn ∗ α ∗ Kn                                               (1) 

where ∆Vn is the voltage output from the AFM photodiode due to normal 

deflection of the colloidal probe. The torsional stiffness and geometrical 

parameters of the probe were used to calculate the friction force ( Ff ) 

according to 

Ff = (∆VL * Kt) / 2δ * (d + t/2)                                   (2) 

where t is the thickness of the cantilever, δ is the torsional detector 

sensitivity of the AFM and ∆VL corresponds to the voltage output from the 

AFM photodiode due to lateral deflection of the probe. Lateral deflection was 

observed at a scanning angle of 90 degrees over a scan line of 10 µm and a 

scanning frequency of 1 Hz. The colloidal probe was incrementally loaded and 

unloaded up to a normal force of 43 nN. At each normal force, 10 friction loops 

were recorded to yield the average friction force. Finally the coefficient friction 

can be calculated. The repulsive force-distance curves between the colloidal 

probe and  the adsorbed film were obtained at a trigger threshold force of 10 

nN. 

X-ray photoelectron spectroscopy. The chemical compound of the layer 

surface after treated with synovial fluid was detected by XPS (S-Probe, surface 

science instruments, mountain view, CA, USA). XPS can only detected the <10 

nm thickness information so it can give the very top layer information. First, 

film adsorbed on Au-coated crystal was moved to xps pre-vacuum chamber 

then a vacuum degree of 10-7 pa. X-rays (10Kv, 22mA), spot size 250×1000 um, 

were produced using an aluminum anode. Scans spectrum in binding energy 

range of 1-1100eV were made at low resolution. The area with each peak can 

yield elemental surface concentrations for C, N, O,  and correction was applied 

with the help of  sensitivity factors provide by the manufacturer. The O1S peak 

can be split into two components. In addition to the fraction of O1S peak at 

532.7eV (% O532.7) from carboxyl groups was used to calculate the amount of 

oxygen related in glycosylated moieties2 i.e. PRG4 amount (%Oglyco). 

%Oglyco = %O532.7 * %Ototal                                   (3) 
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Where %O total  is the total percentage of oxygen.  

Synovial fluid and cartilage collection. Bovine synovial fluid was aspirated 

from bovine (2-year-old bulls) stifle joints within 2 hours of slaughter. The stifle 

joints were obtained from a local slaughterhouse (Kroon Vlees b.v., Groningen, 

the Netherlands). The muscles and flesh surrounding the knee joint were cut 

carefully to reach the areas where most of the synovial fluid was present. The 

fluid was collected with an 18G spinal needle from 3 different joints and 

pooled. The total amount of fluid was centrifuged at 1500 rpm for 5 minutes to 

separate out cells and then divided into aliquots of 1.5 mL and stored 

immediately at -80 0C for further use. On an average, 5 ml of synovial fluid was 

aspirated from each knee joint. Bovine synovial fluid was used because its 

lubricating properties are similar to human synovial fluid 52. The femoral 

condyle bovine cartilage was extracted from bovine knees with a bone 

thickness of 5mm and a surface area of 40×25 mm2 by sawing. The cartilage 

was then mounted to the bottom component of the universal mechanical 

tester (UMT). After this, a plug 9 mm in diameter was drilled out of the tibial 

plateau 31, extensively washed with PBS  and mounted to the top component 

on the load cell of the UMT.  

Evaluation of  cell behavior. Chondrocytes from human53 were seeded onto a 

piece of circular glass  with a diameter of 15 mm (15mm  ) that fit for 24 cell 

culture plate. The circular glasses were coated with PLL-HADN or PLL-HA layer 

and the bare glass worked as the control. Each sample was seeded with 5×103 

cells and cultured by high glucose DMEM (Gibco), 10% FBS (Gibco), and 1% 

penicillin−streptomycin (Sigma) at pH 7.4. Then the cells were incubated at 

37°C in a humidified air atmosphere of 5% CO2 and every 3−4 days the medium 

was changed. Cell viability measured by using an XTT assay (Applichem A8088). 

Briefly on 1d, 3d, 7d, 14d 300ul of XTT reaction reagent (0.1ml activation 

reagent and 5ml XTT mixture ) was added to each well after incubated at 37 °C 

in a humidified air atmosphere of 5% CO2 for 3 hours, the microplate reader 

help to recorded absorbance at 485 and 690nm. Fluorescent measured by 

confocal with FITC-phalloidin and DAPI stain gives a visual morphology of 

chondrocytes. Briefly cells were fixed by paraformaldehyde for 15 min in room 

temperature, followed by washing with PBS, then 500 ul mixture (FITC-labelled 
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phalloindin at 2ug/ml and DAPI 4ug/ml in PBS) added to each well plate then 

incubate for 1h at room temperature with aluminum foil for protecting from 

light. Then remove the mixture and wash with PBS 3 times and then visualized 

in the dark by confocal microscopy. 

Results 

Dopamine modification of HA and its Characterization 

Hyaluronic acid-dopamine conjugate (HADN) was prepared by carbodiimide 

chemistry with the active agent of N-(3-Dimethylaminopropyl)-N-

ethylcarbodiimide hydrochloride (EDC) 26,32–34. A schematic representation of 

procedure to synthesize HADN is shown in Figure S1a. The reaction was 

performed in an aqueous PBS under nitrogen protection and the reaction pH 

always maintain at around 5. After extensive dialysis, the product was analyzed 

by NMR and UV spectroscopy. The 1H-NMR spectrum of the product in Figure 

S1b shows the region between δ = 6.7 ppm and δ = 7.0 ppm which are 

associated with protons of the aromatic ring25 and chemical shift at 2.03 ppm is 

associated with protons of N-COCH3
25, demonstrating successful HADN 

conjugation. The results obtained from Uv-visible spectrophotometer (Figure 

S1c) shows a band around 280 nm, which is the characteristic of the catechol 

group from dopamine. This band was observed in product but not in HA. Thus, 

the Uv-Vis and H-NMR both confirm successful conjugation of HADN. The 

standard curve obtained by linear fitting of A280 of dopamine solution in Figure 

S2 and the conjugation degree was calculated as about 18.2%. Amidation by a 

carbodiimide coupling method25 is widely used in biomaterial application due 

to features of highly effective and reproducible. Different equivalent 

proportion can yield different conjugation. In the present we chose a 18.2% 

conjugation because less than 10% is conventionally  considered to be a low 

catechol conjugation level for polymer. Likewise, a conjugation degree over 

25% is regarded to be a high catechol conjugation for polymer because higher 

conjugation degree is limited by aggregation formation during EDC reaction54,55. 
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FigureS1. Synthesis  and structure of HADN. (a) The schematic representation of 

procedure to synthesize HADN. (b) The H-NMR spectrum of HADN. (C) UV-Vis spectra 

of the conjugate (HADN) and the control (HA). 

 
Figure S2. Uv-Vis spectra of dopamine solution at A280 with different concentration 

from 0.1 mM to 1 mM and the standard curve was calculated by linear fitting. 

 

 

(a)

(b)
(c)
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Figure S3.  Zeta potential of silica sphere after coated with PLL, PLL-HA, and PLL-HADN. 

Silica spheres (diameter 1.7um) were coated with PLL by suspending them in PLL 

(0.5mg/ml) for 10 min. Subsequently, the spheres were suspended in HA or HA-DN for 

10min. After each coating step the spheres were rinsed with buffer for 10 min. Finally 

the zeta potential of different spheres were measured in 10 mM PBS. The coating 

procedure is similarly as the QCM-D experiment. Error bars  represent the standard 

deviation over three measurements. Statistical differences was marked with *, which 

stand for p-value < 0.05. 

 

Figure S4. Structure softness of PLL-HA and PLL-HADN calculated by ΔD/Δf. 

 

Figure S5. Surface topography after pull out experiments of multilayer on PCU disks i.e. 

PCU-PLL-HA and PCU-PLL-HADN and bare PCU as the control group. 
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Figure S6. Relative content of O from glycoprotein (% O glycoprotein) analyzed by XPS at 

O1s 253.7eV. 

 

Figure S7 Behavior of chondrocyte cells on different surface. (a) Fluorescence images 

of cells stained with DAPI (nucleus) and FITC-pholloaidin (cytoskeleton) for 

Chondrocyte cells at 1, 3, 7 and 14 days of culture. (b) XTT analysis of the cell 

metabolic activity from day 1 to 14. Statistical differences in grouped by time point 

analysis were marked with *, which stand for p-value < 0.05. 

Bare glass PLL-HA PLL-HADN

1D

3D

7D 

14D

(a) (b)
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Table S1 Static water contact angle and roughness on bare PCU surface, surfaces after 

pull out measurements on PCU-PLL-HA and PCU-PLL-HADN. 

 

Table S2 Surface composition analyzed by XPS 

% PLL-HA with SF PLL-HADN with SF 

C 45.1±2.7 43.9±0.12 

O Ototal 27.4±2.2 29±3.46 

%O532.7*Ototal 10.5±0.35 12.2±0.43 

N 6.9±1.4 8.47±0.65 

P 12.1±3.5 8.13±1.06 

K 1.68±0.23 1.49±0.3 

Na 3.77±0.15 3.55±1.4 
 

  

Surfaces Photographs WCA (°) Rq (nm) 

Bare PCU 

 

PCU-PLL-HA 

 

PCU-PLL-HADN 

 95±3.3                  11.6±2.7 

 

 48±1.5                  41.6±3.9 

 

 51±2.1                  57±10.2 
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