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1. Biolubrication in the human body  

Biolubrication is an essential feature of health and involves the relative motion 

of tissues in the eyes, mouth, articular (e.g., knee/hip) joints, gastrointestinal, 

genitourinary, and circulatory tracts (Figure 1). The high lubrication or low 

coefficient of friction (COF) at each bodily site helps sustain important 

physiological activities like blinking, speaking, chewing, running, digestion, 

circulation, and reproduction. The COF at any sliding interface depends on the 

speed of sliding, contact pressure (average load normalized by the contact 

area), and the viscosity of lubricant available. In the oral cavity, the contact 

pressure can go up to 86 MPa during mastication1 between the molars, while 

the COF ex vivo is only about 0.022. In a healthy knee/hip joint, superlubricity 

(COF0.005)3 exists during movement under a contact pressure around 1-

7.5MPa4. During blinking, the eyelids slide over the cornea with a contact 

pressure of 1kPa5 and sliding speeds of 100 mm/s while the surface of eyelids 

and cornea are lubricated quite well (COF<0.02)6.  

 

Figure 1. Tissue-tissue and tissue-biomaterial interfaces requiring efficient lubrication 

for necessary physiological functions. Chronic and autoimmune diseases that 

deleteriously affect natural biolubrication with a decrease in the patient's quality of life. 
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Besides sliding tissues, efficient lubrication is also often required when the 

implant and medical devices are involved7. Partial arthroplasty; placement of 

artificial meniscus, made of polycarbonate urethane (PCU)8, in the knee joint; 

silicone-hydrogel9 contact lenses at the ocular surface and polyurethane (PU) 

catheters10,11 in the blood vessel are some examples. Only efficient lubrication 

can guarantee low friction and wear necessary for normal function and 

longevity of these implants and medical devices.  

2. Biolubrication mechanisms - natural lubricant and conditioning 

films  

Efficient lubrication is mediated by specialized tissues (e.g., cartilage), lubricant 

fluid,  and biomacromolecules absorbed on the tissue surface, often called the 

conditioning film. Cartilage is the only one tissue dedicated to biolubrication in 

the human body12,13, and it is found in all articular joints and helps in load 

distribution and lubrication. Its biphasic structure12 makes the creation of a 

fluid film between two surfaces possible upon application of normal load 12, 

which gives rise to transient superlubricity (COF0.005)3. Articular joint 

anatomy and dynamics assure the contact area keeps changing to take full 

advantage of transient superlubricity and allowing for continuous rehydration 

of the cartilage tissue during use.  

Lubricant fluids like saliva in mouth; tear in the eye; synovial fluid in the 

knee/hip joint creates the optimal rheological condition to minimize the 

friction force3 at the interface. The natural lubricant molecules such as mucin, 

lubricin, hyaluronan, and phospholipid (Figure 2a) are present in the lubricant 

fluid and absorbed on the tissue surface to impart high lubrication. Mucins 

(Figure 2a), are highly glycosylated protein14 with a bottle-brush structure and 

molecular weights up to 20 MDa15, presented on the mucosal surface and 

mucosal fluid15–17. Mucins contain hydrophilic hydroxyl, carboxyl, and amino 

groups, which can immobilize large amounts of water and form lubricating gels. 

In saliva, MUC 5B and MUC718 are thought to form supramolecular aggregates 

mediated by the cysteine groups, which uniquely leads to extremely high 

elasticity19. Other small protein in saliva like statherins, and acidic proline-rich 

protein 1 (PRP-1), cystatin, and immuno-globulin A20 form the dense basal 
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layer. The hierarchically absorbed film containing the small protein-dense layer 

and soft mucin layer is called the salivary conditioning film (SCF)21 (Figure 2b).  

 

Figure 2. Schematic illustration of typical natural lubricating molecules and 

conditioning film. (a) The structure of each lubricating molecular. (b) The conditioning 

film adsorbed on tissue surface (salivary conditioning film adsorbed on the oral 

surface).  

The SCF works with saliva to yield high lubrication and resist wear of oral tissue 

during mastication1. A mucin-like glycoprotein, lubricin (Figure 2a), the 

products of the gene proteoglycan 4 (PRG4) (Mw ~228 kDa) is also considered 

as a good lubricant which is expressed by chondrocytes22 and synoviocytes15 

and has a concentration of 200 μg/ml in synovial fluid8. Lubricin is also one of 

the functional lubricants in the eye23,24, which can protect the cornea from 

damage 23,24 by decreasing boundary friction. Hyaluronic acid (HA, Figure 2a), a 

polysaccharide with an average molecular weight of 6 MDa8, works as a 

viscosity enhancer to reduce the shear force in the knee/hip joint. HA also 

interacts with PRG4 and lipid (Figure 2a) absorbed on the cartilage surface, 
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forming a conditioning film known as lamina splendens25. Lamina splendens, 

together with the synovial fluid, have shown excellent boundary lubrication3,26–28 

to protect the cartilage of the knee/hip joint. The HA work as a viscosity 

enhancer to reduce the shear force, and the lipid and lubricin retain a large 

amount of water, providing hydration lubrication29. Besides the lubricant 

molecules, in a lubricant fluid, there are still some other proteins like albumin 

partly joining in the lubricating behavior30. 

In addition to salivary condition films (SCFs) in oral cavity21, lamina splendens 

on cartilage surface25, similar conditioning films are found on the relevant 

tissue surface, such as tear film on the surface of cornea31 and the glycocalyx 

on the surface of blood vessels6, gastrointestinal32, and genitourinary15 tracts. 

These adsorbed films contain the lubricant molecules work with the lubricant 

fluid, separating the two sliding surfaces and maintaining essential 

physiological activities3.  

3. Problems caused by suboptimal biolubrication 

Impaired lubrication due to injury, disease, or old age can cause a variety of 

symptoms like dry mouth33, dry eye34, vaginal dryness35, arthritis36, failure of 

artificial joint13,37, wear of medical device38 (Figure 1). The lubrication 

dysfunction leads to a drastic decrease in the quality of life relevant to chronic 

pain, irritation, and restricted mobility. It has been shown that diseases 

associated with lubrication dysfunction (dry mouth, dry eye, osteoarthritis, 

vaginal dryness, implant failure) affect over 70,000 persons of inhabitants in 

European countries2, and more and more people are suffering from these 

diseases worldwide due to the aging population. 

The reduced lubricant fluid secretion and alteration of lubricant molecules lead 

to the degradation of the conditioning films and lubrication dysfunction. A 

reduced saliva secretion and glycosylation of mucin are detected in dry mouth 

patients 34,39,40. Similarly, the alteration of mucin detected in dry eye patient41 

yields limited lubrication. The synovial fluid of a patient with osteoarthritis was 

found to contain less lubricin and had a lower lubricating ability than the 

synovial fluid of healthy people42. The reduced or altered lubricating molecules 

dispersed in the cavity with a low concentration are unable to provide 
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optimum lubrication. Lubrication dysfunction between tissue-biomaterial can 

cause meniscus implant failure43, contact lens discomfort44, and vessel wall 

injury38,45 during catheterization. 

4. Biolubrication restoration 

4.1. Existing approaches to restore biolubrication 

The strategy used to restore biolubrication is often to overwhelm the natural 

biolubrication system with exogenous viscosity enhancer, which shows limited 

effect. Patients are treated with artificial lubricants, like artificial saliva for dry 

mouth patients, which contains lubricants and thickeners extracted from 

animal or plant sources, i.e., porcine gastric mucins (PGM), 

hydroxyethylcellulose. However, these compounds show poor adhesion 

requires specific conditions to function16,46 like PGM, which is efficient only 

under specific conditions of acidic pH and low ionic strength. Patients with 

osteoarthritis are treated with exogenous hyaluronic acid (HA) orally 

administered or via intra-articular injection to relieve the pain and improve 

lubrication47. But in the clinical setting, the pain relief is temporary48,49, and 

multiple injections are necessary, due to the poor adhesion and clearance of 

exogenous HA from the joint cavity50. Most of the current clinically applied 

treatments are focus on optimizing the viscosity of the artificial fluid/lubricant. 

However, research has shown that there is only little correlation between 

viscosity and lubrication51.  

Chemists have synthesized various molecules for lubrication29,52, e.g., brush 

polymer53, nanospheres54, and diblock copolymer55,56. These synthetic 

lubricants are focus on replacing the natural lubricant in the fluid phase, which 

needs a complicated process, severely limiting the translation toward clinical 

settings requiring a large scale amount of material. 

Surface modification is considered to be a promising way to improve the 

lubrication function of implant/medical devices. So far, most of surface coating 

studies mainly focus on the physical-chemical properties of coating itself 

instead of investigating the contact behavior with the real tissue during sliding 

movement.  



Chapter 1 

7 

 

4.2. A different approach  

Even when a natural biolubrication system gets impaired, a low amount of 

highly efficient native (endogenous) lubricants still remain in the lubricant fluid. 

These remaining lubricant molecules can be utilized to build a new or 

consolidate an existing conditioning film. Thus, instead of overwhelming with 

exogenous lubricating molecules, if one works along with endogenous 

molecules to rebuild the conditioning films, then the lubrication can be 

restored. Similarly, coatings that recruit natural lubricant molecules on the 

biomaterial surface from the surrounding may result in efficient implant 

lubrication. 

Thus the research question of this thesis is: Can the limited natural lubricants 

be utilized as a potential therapeutic strategy to lubricate tissue or biomaterial 

instead of being disregarded? We have chosen the oral cavity and knee joint as 

models for this study. 

5. Aim of this thesis  

The thesis aims to develop a new approach to restore tissue and biomaterial 

lubrication in the living system by utilizing the limited native lubricant and 

stabilize them with support of biopolymer instead of replacing them with 

artificial lubricant.  
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Abstract 

Insufficient retention of water in adsorbed salivary conditioning films (SCFs) 

due to altered saliva secretion leads to oral dryness (xerostomia). Patients with 

xerostomia sometimes are given artificial saliva, which often lacks efficacy due 

to the presence of exogenous molecules with limited lubrication properties. 

Recombinant supercharged polypeptides (SUPs) improve salivary lubrication 

by enhancing functionality of endogenously available salivary proteins, which is 

in stark contrast to administration of exogenous lubrication enhancers. This 

novel approach is based on establishing a layered architecture enabled by 

electrostatic bond formation to stabilize and produce robust SCFs in vitro. Here, 

we first determined the optimal molecular weight of SUPs to achieve the best 

lubrication performance employing biophysical and in vitro friction 

measurements. Next, in an ex vivo tongue-enamel friction system, stimulated 

whole saliva from patient with Sjögren syndrome was tested to transfer this 

strategy to a pre-clinical situation. Out of a library of genetically engineered 

cationic polypeptides, the variant SUP K108cys that contains 108 positive 

charges and two cysteine residues at each terminus was identified as the best 

SUP to restore oral lubrication. Employing this SUP, the duration of lubrication 

(Relief Period) for SCFs from healthy and patient saliva was significantly 

extended. For patient saliva, lubrication duration was dramatiically increased 

form 3.8 min to 21 min with SUP K108cys treatment. Investigation of the 

tribochemical mechanism revealed that lubrication enhancement is due to 

electrostatic stabilization of SCFs and mucin recruitment, which is 

accompanied by strong water fixation. 

Keywords: biolubrication, recombinant supercharged polypeptides, ex vivo 

oral lubrication system, salivary substitutes 
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1. Introduction 

Biomacromolecules play a vital role in maintaining physiological functions in 

living systems especially at sliding interfaces, where conditioning films 

consisting of adsorbed macromolecules like proteins, glycoproteins and 

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

conditioning films (SCFs) in the human oral cavity are just one of the biofilms 

capable of withstanding contact pressures of ~86 MPa during mastication2 with 

very low friction, which is unmatched by any man-made macromolecular 

coating. SCFs provide lubrication through glycoproteins, i.e. mucins  with 

molecular weights up to 20 MDa3, that retain water molecules to generate 

repulsive hydration forces at the sliding interface even when the two surfaces 

are brought in close contact4.  

Oral lubrication by adsorbed SCFs is essential to facilitate mastication and 

speech, SCFs also protect against wear causing rashes and pain. Insufficient 

amount of water molecules retained in adsorbed SCFs due to reduced (hypo 

salivation) or altered saliva secretion because of impaired salivary glands is can 

be accompanied by xerostomia, i.e. a subjective dry mouth feel5. Radiation 

therapy in the maxillofacial region, Sjögren’s syndrome, polypharmacy (<5 

medications) and high age can cause xerostomia6. Although not being fatal, 

xerostomia can be chronic and drastically reduce quality of life of patients7. 

Generally, these patients can be treated with artificial saliva, which contains 

lubricants and thickeners extracted from animal or plant sources like procine 

gastric mucins (PGM), hydroxyethyl cellulose, aloe vera etc. Unfortunately, 

these formulations provide only a temporary relief due to their limited ability 

to retain sufficient water and a specific environment is required like for PGM, 

which is only effective under specific conditions of acidic pH and low ionic 

strength8,9. Most of the current artificial saliva developments focus on 

optimizing the viscosity although it has been shown that there is only little 

correlation between viscosity and ability to lubricate the oral cavity10. Ongoing 

research devoted to saliva substitutes aims to mimic natural saliva to achieve a 

long lasting lubrication but unfortunately with little effect 11–14. These 

approaches do not take advantage of the patient’s own altered endogenous 

saliva secretion but focus on exogenous components, leading to temporary 
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effects. The exogenous components of many saliva substitutes are often easily 

removed from the SCF by swallowing or drinking leading to limited duration of 

moistening and lubrication15. The aim of this study is to demonstrate that the 

functionality of naturally remaining lubricating moieties can be boosted 

without replacing and masking them with exogenous components. Cationic 

supercharged polypeptides (SUPs) with the repetitive motif (GVGKP)n show 

excellent biocompatibility and acted as biolubrication enhancers by interacting 

with the negatively charged salivary mucins16. In previous publications, two 

variants with the number of repeat units (n) of 72 (K72) and 36 (K36) were 

applied revealing better lubrication for K72 than for K36 due to recruitment of 

mucins16,17.  

 

Schematic 1. Schematic representation of SUP fabrication via recombinant genetic 

engineering and working with naturally occurring saliva from healthy volunteers and 

patients suffering from Sjögren’s syndrome. 

Although the above-mentioned study introduced a proof of concept to 

ameliorate biolubrication by a combination of exogenous and native entities, 

several important features for successful translation remained to be explored. 
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Important questions still to be answered are: i) Does an additional increase of 

molecular weight of the SUP lead to improved biolubrication? ii) Can the 

increased biolubrication observed at nanoscale be generalized and transferred 

to the macroscale with relevant oral tissue? iii) Do SUPs improve lubrication 

with saliva from patients suffering with xerostomia? All these questions were 

addressed in the current study by expressing pristine SUPs and SUPs containing 

two cysteine units at both ends of the peptide chain allowing dimerization of 

SUPs upon disulfide formation and doubling the molecular weight (Schematic 

1). After identification of the best SUP yielding the highest lubrication 

performance assessed by quartz crystal microbalance and atomic force 

microscope experiments 16, a  recent tongue-enamel friction system18 was used 

for further characterization. Therefore, saliva from healthy volunteers and 

Sjögren’s patients was collected and their lubrication properties was measured 

on tongue-enamel friction system with intermediate exposure to SUPs. Finally, 

a germanium-silicon rubber tribopair with simultaneous infrared spectroscopy 

was used to understand the tribochemical mechanism of the enhanced 

lubrication.  

2. Experimental section 

2.1. Polypeptide expression and purification  

E. coli BLR (DE3) cells (Novagen) were transformed with the pET25b expression 

vectors containing the respective SUP genes (details see SI). For SUP 

production, Terrific Broth medium (12 g/L tryptone and 24 g/L yeast extract) 

enriched with phosphate buffer (2.31 g/L potassium phosphate monobasic and 

12.54 g/L potassium phosphate dibasic) and supplemented with 100 µg ml-1 

ampicillin, was inoculated with an overnight starter culture to an initial density 

at 600 nm (OD600) of 0.1 and incubated under 37 °C with orbital agitation at 

250 rpm until OD600 reached 0.6. Polypeptide production was induced by a 

temperature shift to 30°C for an additional 16 h. Subsequently, cells were 

harvested by centrifugation (5,000 rpm, 30 min, 4ºC, JLA-16.250 rotor, USA), 

were then re-suspended in lysis buffer (50 mM sodium phosphate buffer, pH 

8.0, 300 mM NaCl, 20 mM imidazole) to an OD600 of 100 and were 

subsequently disrupted with a constant cell disrupter (Constant Systems Ltd., 

Daventry Northants, UK). Cell debris was removed by centrifugation (15,000 g, 
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30 min, 4 ºC). Polypeptides were purified from the supernatant under native 

conditions by Ni-sepharose chromatography. Product-containing fractions 

were dialyzed extensively against ultrapure water. The product purity was 

determined by sodium dodecyl sulfate polyacrylamide gel electrophoresis 

(SDS-PAGE) on a 12% polyacrylamide gel. Afterwards, gels were stained with 

Coomassie staining solution (40% methanol, 10% glacial acetic acid, 1 g/L 

Brilliant Blue R250). Photographs of the gels after staining were taken with a 

LAS-3000 Image Reader (Fuji Photo Film GmbH, Dusseldorf, Germany). Mass 

spectrometric analysis was performed using a 4800 MALDI-TOF/TOF Analyzer 

in the linear positive mode. The polypeptide samples were mixed with α-

cyano-4-hydroxycinnamic acid matrix (SIGMA) (100 mg ml-1 in 70% ACN and 

0.1% TFA) (1:1 v/v). Mass spectra were analyzed with the Data Explorer V4.9. 

The concentrations of the purified polypeptides were determined by 

measuring absorbance at 280 nm by using a spectrophotometer (SpectraMax 

M2, Molecular Devices, Sunnyvale, CA).  

2.2. Saliva collection from healthy volunteers and Sjögren’s syndrome 

patients  

A standard protocol18 was adopted to collect and prepare stimulated (SWS) 

and reconstituted (RWS) whole saliva as described in detail below. SWS from 4 

healthy volunteers (age 28.2 ± 2.8 years, 1 males, 3 females) with flow rates of 

1.6, 1.76, 1.45, 1.15 ml/min. Healthy volunteers did not use any type of 

medication, did not smoke and were free of history with radiotherapy or 

autoimmune diseases. Collecting of whole saliva was done on the same day of 

the week and at 10:00 a.m. The healthy adult donors were recruited from the 

department of Biomedical Engineering of the University Medical Centre 

Groningen, the Netherlands. All collections were performed in accordance with 

the relevant guidelines and regulations under the approval of the Medical 

Ethics Review Board of the University Medical Center Groningen (approval no. 

M17.217043, M09.069162 and UMCG IRB #2008109).  Pathological sample 

was collected from 4 patients (age 56.2 ±16.6, 1 male and 3 females) suffering 

from Sjögren’s syndrome treated at the Maxillofacial surgery department of 

the University Medical Center Groningen (UMCG). Sjögren’s patients had been 

subjected to a diagnostic Sjögren’s work-up from the Department of 
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Rheumatology and Clinical Immunology of the University Medical Center 

Groningen, the Netherlands. The Sjögren’s patients fulfilled the 2016 ACR-

EULAR classification criteria for Sjögren’s syndrome19. Patients and healthy 

volunteers gave written informed consent. The patients had reduced 

stimulated salivary flow rates of 0.48, 0.72, 0.45 and 0.98 ml/min. Accordingly, 

patients completed the validated xerostomia inventory, a questionnaire 

containing eleven questions on subjective dry mouth 20,21  and scored 22, 31, 

32 and 17 respectively on the 11-55 scale. Participants were not allowed to eat 

or drink for 1 hour prior to saliva collection. Before collecting any saliva, the 

mouth was rinsed well with tap water. Salivary flow was mechanically 

stimulated (by chewing on parafilm®) for 5 minutes, every 5 minutes collect 

the saliva. Cells and food particles were removed by centrifugation (10000 rpm, 

10°C, 5 minutes, JLA-16.250 rotor, USA) and a protease inhibitor 

phenylmethylsulfonyl fluoride (1mM) was added to stabilize the saliva i.e. to 

prevent the breakdown of salivary proteins and glycoproteins. Saliva from 

individual patient and healthy volunteer was used for ex-vivo friction 

measurements on the tongue-enamel model and the tribochemist. For all the 

in vitro measurements,  reconstituted saliva was used, which was prepared by 

the same protocol as described above but the saliva collected from 30 healthy 

volunteers recruited from the department of Biomedical Engineering of the 

University Medical Centre Groningen, the Netherlands was pooled, stabilized 

and freeze-dried for storage18. The lyophilized stock was dissolved in buffer (2 

mM potassium phosphate, 50 mM KCl, 1mM CaCl2, pH 6.8) at 1.5mg ml-1 for all 

in vitro experiment.  

2.3. In vitro S-SCF formation monitored by Quartz crystal microbalance with 

dissipation and zeta potential measurements  

QCM-D device model Q-sense E4 (Q-sense, Gothenburg, Sweden) was used to 

study the structural softness and formation kinetics of SCFs in real time with 

Au-coated quartz crystals (5 MHz) as substrata. Before each experiment, 

crystals were cleaned by 10 min UV/ozone treatment, followed by immersion 

into a 3:1:1 mixture of ultrapure-water, NH3 and H2O2 at 75° C for 10 min, 

drying with N2 and another UV/ozone treatment. The chamber was perfused 

with buffer using a peristaltic pump until stable base lines were achieved both 
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in frequency and dissipation, then RWS was flowed through the chamber for 

2h at 25°C with a flow rate of 50µL/min, equivalently a shear rate of about 3 s−1. 

Next, the chambers were perfused with buffer or 0.05% w/v of SUP for 2 min, 

after that another 2 h of RWS flow through to form a S-SCF. In between steps, 

buffer was flowed through the chamber for 15 min to remove the free salivary 

protein. The low salivary flow rate  (50µL/min) in the QCM-D was chosen to 

mimic a low oral salivary flow rate of dry mouth patients. After experiments, 

crystals were taken out of the QCM-D device and immediately used for further 

experiments. Zeta potentials of the SCFs in absence and presence of adsorbed 

SUPs measured by zetasizer nano series (Model Number ZEN3600, Malvern Ltd, 

UK). Silica spheres (diameter 1.7 μm) were coated with SCF by suspending in 

saliva for 2 h. Subsequently, the spheres were suspended in buffer or K72, K 

108, K144, K108cys, and K144cys solutions (0.05% w/v) for 2 min. After each 

coating step, the spheres were rinsed with buffer for 10 min. The zeta 

potential of the different spheres was measured in buffer (2 mM potassium 

phosphate, 1 mM CaCl2, 50 mM KCl, pH 6.8).  

2.4. Elemental composition of the S-SCF with SUPs modification and the 

lubrication property at nano scale 

The elemental composition of the S-SCF surface was acquired from the X-ray 

photoelectron spectroscopy (XPS, S-Probe, surface science instruments, 

mountain view, CA, USA). Both low resolution for broad scans and high 

resolution for C1s and O1s peaks were made, where O1s peak can be split into 

two components, the fraction of  O1s peak at 532.7eV (% O532.7) from carboxyl 

groups was used to calculate the amount of oxygen in glycoproteins which 

include mucins (%Oglyco)16. 

%Oglyco=%O532.7 * %Ototal                                  (1) 

Where %O total is the total percentage of oxygen 

Friction force and surface morphology were determined by AFM (Nanoscope 

IV Dimensiontm 3100) with a Dimension Hybrid XYZ SPM scanner head on the 

differently S-SCFs in buffer. Rectangular, tipless cantilevers (length 300±5um, 

width 35±3um) were calibrated for their torsional and normal stiffness by AFM 

Tune IT v2.5 software16,22. The normal stiffness (Kn) was between 0.01 and 0.07 

N/m and the torsional stiffness (Kt) between 1 and 5 × 10−9 Nm/rad. Then, a 
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silica-particle of 21.83 µm diameter (d) (Bangs laboratories, Fishers, IN, USA) 

was glued to the cantilever with an epoxy glue. 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                                               (2) 

where ∆Vn is the output voltage 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 )16,22 

according to 

Ff = (∆VL * Kt) / 2δ * (d + t/2)                         (3) 

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

sensitivity of the AFM and ∆VL is the voltage output from the AFM photodiode 

due to lateral deflection of the probe. Then lateral deflection was observed at 

a scanning angle of 90° over a scan line of 25 µm  with a scanning frequency 

about 1 Hz. The colloidal probe was incrementally loaded and unloaded up to a 

normal force of 40 nN. Each normal force, friction loops were recorded to 

generate the friction force and the coefficient of friction (COF) can be 

calculated. 

2.5. Tongue-enamel friction system  

Fresh porcine tongues (Kroon Vlees BV, Groningen, The Netherlands) were 

carefully rinsed and dried followed the protocol described in detail by Vinke et 

al. 18. Care was take not to remove the protein and glycoprotein layer on the 

tongue surface. The tongues were placed upside down inside a handmade box 

and rest of the space was filled with Wirosil® duplicating silicone (Bego, 

Bremen, Germany) which looked like the one visible in figure 3g after setting. 

The bovine enamel was also prepared according to protocol of Vinke et al.18, 

briefly the rounded and polished piece of enamel with a radius of curvature of 

55 mm fixated in a stainless-steel holder. The final surface finish was obtained 

by sliding the enamel against a wetted polishing cloth with 0.05-micron 

alumina micro-polish thus the dental film was removed during the rubbing. It 

was used as the pin sliding against the tongues with the help of the universal 

mechanical tester (UMT-3, CETR Inc., USA). The applied normal force (Fn) was 

experimentally determined at 0.25 N as the minimal force could sense on a 
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weighing spoon using their tongues18. The sliding speed was 4 mm/s with a 10 

mm sliding distance. UMT-3 recorded the friction force (Ff) every 0.01s during 

all cycles. The coefficient of friction (COF) was calculated using equation 4. To 

mimic dry mouth surfaces, each experiment was performed with following 

steps. First the enamel was slid against tongue for 10 cycles in dry condition18. 

Stabilized COF in this step was called COFdry. Then the sliding was stopped and 

a drop of 20 µL of healthy stimulated saliva or patient stimulated saliva was 

placed at the tongue-enamel interface rubbing 4 cycles followed by the step 3 

where 20µL of buffer or K108cys added. To reflect best the vivo situation of 

immediate reflow of saliva in the oral cavity in step 4 another 20µL of healthy 

or patient stimulated saliva was added to the surface again under continued 

rubbing. During the rubbing 4 steps a quick drop in COF was observed 

(COFsaliva). The drop in COF was termed ‘Relief’ and calculated using equation 5. 

The duration of low COF was designated to as ‘Relief Period’. The end of the 

Relief Period was taken as the point, where a rapid change in slope was 

observed.  

COF= Ff / Fn         (4) 

Relief = COFdry  / COFsaliva                               (5) 

2.6. Mechanism investigated by tribochemist 

The Tribochemist (Ducom Instruments Pvt. Ltd, Bangalore, India) is an 

instrument that provides information on the chemical dynamics of adsorbed 

layers during sliding. It is an apparatus, combining infrared spectroscopy with 

macroscopic-tribology to provide real-time information of adsorbed layer 

composition during sliding.  This helps to follow molecular changes during 

sliding and relation to friction and the understanding of the lubrication 

mechanisms23. It consists of a tribometer (Ducom Instruments Pvt. Ltd, 

Bangalore, India) and an ATR-FTIR spectrometer (Cary 600 series FTIR 

Spectrometer; Agilent Technologies, Santa Clara, CA, USA). The FTIR 

spectrometer was used for acquiring IR spectra of the adsorbed layer on the 

germanium prism (Ge, Pike Technologies, USA) while the tribometer 

monitored the COF. The motion drive is linear using a stepper motor to 

reciprocate sliding with PDMS pin (hemispherical, radius of 3mm) against 

germanium prism. For the current experiments, stroke length was 10 mm, 
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velocity at 1mm/s, under 450mN load force, setting with the Winducom2010 

(Ducom Instruments Pvt. Ltd) software developed using the LabVIEW platform. 

The protocol used is similar as used for tongue-enamel friction system i.e. dry 

friction; introduction of 20 µL pooled saliva by pipet from healthy subjects or 

Sjögren’s patients to form SCF and sliding 10 cycles, introduction of 20 µL SUP 

k108cys and sliding for another 10 cycles and then introduction of 20 µL of 

saliva to form S-SCFs  under continuous sliding. The friction force generated by 

the software and the COF can be calculated by using equation 4. After the S-

SCFs were formed on the FTIR spectra were collected within the wavenumber 

range of 400–4500cm-1 at a resolution of 4cm-1, with one spectrum being 

averaged from 12 interferograms. After the S-SCFs formed germanium prism 

the ATR-FTIR was recorded the information during sliding. With under 

continuous sliding, every 10 min ATR crystal IR irradiation will collect the 

spectrum. Integration of each absorption bands in IR spectra were done by the 

ORIGIN PRO v. 9.0 program (Origin Lab Corporation, Northampton, MA, USA).  

2.7. Statistical analysis 

All data are expressed as means ± SD, calculated from three independent 

experiments. Statistical analysis was performed with Graphad Prism version 

5.0 for windows (GraphPad Software, La Joola California USA ). Significant  

differences between two groups were compared by using two-tailed Student’s 

t analysis. Correlation analyses were evaluated by Pearson r2, *p < 0.05. 

3. Results and Discussion 

3.1. Recombinant expression and characterization of SUPs 

Cationic SUPs consist of repetitive pentapeptide units with the sequence 

(GVGKP)n including glycine (G), valine (V), proline (P) and lysine (K). Five 

different variants were employed in this study that can be divided into two 

groups. One group consists of K72, K108 and K144. The number indicates the 

total amounts of charges in each SUP molecule. Specific details can be found in 

Table S1. The other group, K108cys and K144cys, consists of SUPs modified 

with cysteines at both N and C terminus, which are able to form either intra- or 

intermolecular disulfide bonds. A description of the related genes and amino 

acid composition of SUPs (GAGP[(GVGVP)(GKGVP)9]nGWPH6, 
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CGAGP[(GVGVP)(GKGVP)9]nGWPH6C,) are given in Table S1 and Figure S1, 

respectively. The expression yields of SUPs is 40mg of purified protein per liter 

of culture medium. The proteins were purified from the supernatant under 

native conditions by Ni-sepharose affinity chromatography mediated through a 

terminal hexahistidine tag appended to the polypeptide chains. The purity was 

characterized by SDS-PAGE as shown in Figure S2 where the clear bands show 

the purity of SUPs obtained. The dimerization yields of K108cys and K144cys 

were quantified to be around 30% and 50%, respectively. Additional structure 

verification was obtained by MALDI-TOF mass spectrometry (Figure S3). Each 

SUP variant yielded a sharp peak and the observed molecular weights were in 

good agreement with the expected masses of the proteins (Table S1). 

Molecular cloning and the recombinant expression of perfectly defined, 

genetically engineered, unfolded polyelectrolytes enabled the increase of the 

molecular weight of the SUPs from K72 (Mw: 36313 g/mol) over K108 (Mw: 

53870 g/mol) to K144 (Mw: 71294 g/mol). Again by genetic engineering, two 

Cys moieties were terminally introduced into the polypeptide chains for 

further molecular weight increase to obtain dimers of K108cys and K144cys. 

The SUPs containing the Cys residues dimerized partially, which leads to 

doubling of their molecular weight. 

3.2. Kinetics of SCF formation and SUPs induced viscoelastic and topographic 

modification 

Quartz crystal microbalance with dissipation (QCM-D) was used to monitor the 

formation of an initial SCF on a gold (Au) coated QCM-D sensor surface 

followed by the investigation of exposure to different recombinant SUPs or 

buffer, and finally renewed adsorption of salivary proteins in real-time to form 

secondary SCF (S-SCF) (Figure 1a-f). SCF formation on bare sensor surface for 2 

hours caused a frequency shift (∆f3) of about -80 Hz and a dissipation (∆D3) 

change greater than 10, indicating large amount of salivary protein adsorption 

on top of the sensor. The ratio of dissipation and frequency shift (∆D3/∆f3) 

larger than 10-6 indicated the formation of a highly viscoelastic SCF. The higher 

value of ∆D3/∆f3 indicates higher layer softness due to water filled nature of 

the adsorbed layer24,25 . Exposure of SCF to buffer (Figure 1a) yielded a small 

change in ∆f3 and ∆D3, while exposure to SUPs solutions (0.5 mg/ml) yielded a 
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significant change (Figure 1b to f) with the ∆D3/∆f3 drastically decreasing (black 

bars in Figure 1g). A decrease in ∆D3/∆f3 indicates electrostatic stabilization, i.e. 

increased compaction or decreased structural softness of the existing SCF due 

to exposure to SUPs establishing strong electrostatic bonds between positively 

charged SUPs and negatively charged salivary glycoproteins. Reflow of saliva 

caused renewed adsorption of salivary proteins and the formation of S-SCF 

(Figure 1a to f).  With increasing molecular weight of the SUP the final 

frequency shift ∆f3 for the S-SCF was higher in the order: K72 (-95±10.2 Hz), 

K108 (-110±8.8 Hz), K144 (-120±6.7 Hz), K108cys (-140±5.5 Hz), K144cys (-

140±6.3 Hz). The structural softness of S-SCF with intermediate exposure to 

buffer did not change much but for SUPs exposed a much higher structural 

softness compared to the initial SCF was detected (red bars in Figure 1g). Both 

above observations support the mechanism of mucin recruitment on the 

surface16 by electrostatic force and increasing frequency shifts indicate that 

SUPs with higher molecular weights recruit larger amounts of salivary 

glycoproteins. Mucin recruitment is also evident from the increased 

glycosylation of the S-SCFs with an intermediate treatment of SUPs (Figure 1h 

and 1i, Figure S4, Table S2 ) measured using X-ray photoelectron spectroscopy. 

Full peak description in Figure 1h and Table S2 were showed that the relative 

content of C, O, N changes upon exposure to SUPs indicating the different 

protein adsorbed on the surface. The O1s spectra could be deconvoluted into 

two components: O=C-N and C-O-H  considered as the O from protein and 

glycol group respectively. The relative contents of glycoprotein16 could be 

calculated by the integral of O1s at 532.7ev (Figure. 1i and Table S2). Higher 

amount of O1s at 532.7ev represent of glycoprotein about 11.94±0.6 and 

10.88±2.3 were achieved in S-SCF with K108cys and K144cys modification 

respectively compared to the SCF with buffer or SUPs without termination of 

cysteine. The dimerization of SUPs upon disulfide formation and doubling the 

molecular weight and the chain length increase the mucin recruitment yield a 

softer overlayer. Thus, the exposure of SCF to SUPs and addition of further 

saliva gives rise to a composite structure that is composed of a relatively rigid 

initial SCF and a surface layer of extremely soft S-SCF. 
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Figure 1. Kinetics of SCF formation and supercharged polypeptide (SUP) induced 

viscoelastic modification. The quartz crystal microbalance with dissipation (QCM-D) 

response to adsorption of salivary proteins forming a salivary conditioning film (SCF), 

and the effect of intermediate supercharged polypeptide (SUP) adsorption and 

renewed exposure to saliva to form the secondary salivary conditioning film (S-SCF). (a) 

to (f) represent the control with intermediate buffer / no SUP adsorption, with SUP 

K72, K108, K144, K108cys and K144cys respectively. (g) Structural softness of SCF after 

intermediate exposure to buffer or SUP (black columns) and after renewed exposure 

to saliva (S-SCF, red columns). (h) The full spectrum XPS scans, showing the chemical 

element of each surface. (i) The amount of glyco group on each surface. The Error bars 

represent the standard deviation over three independent measurements. 
*
Statistically 

significant (p<0.05) differences in structural softness with respect to control. 
# 

Significant differences (P<0.05) in structural softness and glycosylation of S-SCF treated 

with K108cys with respect to K72, K108 and K144. 
&
Significant difference in structural 

softness and glycosylation of S-SCF treated with K144cys with respect to K72. 

Due to dimerization, both cysteine modified SUPs (K108cys and K144cys) 

recruited more salivary glycoproteins leading to a higher structural softness. 

The roughness of the assembled layers was investigated by AFM as shown in 

Figure S5. Bare Au-coated crystals exhibited a smooth surface with heights of 
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around 3 nm (supplementary Figure S5a) while after adsorption of salivary 

protein (Figure S5b) the height increased to over 15nm. Similar structures 

were observed when SUPs were involved but the heights were around 30nm 

(Figure S5c-h). The globular structure and rougher topography could be 

attributed to the adsorption of mucins, which in lubricating films with loop and 

chains architecture and can bear high loads during movement to give rise to 

low friction26,27. The higher roughness of S-SCF with intermediate exposure to 

SUP can be explained by the additional salivary glycoprotein recruitment on 

the top layer. The more efficient glycoprotein recruitment on SCF with 

intermediate exposure to K108cys and K144cys can be attributed to the higher 

(positive) zeta potential. The zeta-potential of SCF coated silica spheres was -

12.2±4.9 mV due to the negatively charged salivary protein like mucin etc., 

which is consistence with our previous finding16. After exposure to K72 the zeta 

potential increased to -0.99±3.07 mV, with further increase to 12.8±0.76 mV 

and 12.9±1.4 mV after exposure to K108cys and K144cys respectively. The 

highly positively charged surface of K108cys and K144cys exposed SCF 

triggered heavy adsorption to yield higher negative frequency shifts (Figure 1) 

upon re-exposure to saliva to give rise to very soft S-SCF (Figure 1g).  

3.3. In vitro, nano-scale lubrication properties of SUP-modified SCFs 

The S-SCFs both with and without intermediate exposure to SUP were 

investigated under colloidal probe AFM and the coefficient of friction (COF) 

was measured against a spherical 22µm silica particle. The friction force (Ff) 

was measured by applying a normal load (Fn) in the range of 3 to 38nN and the 

slope of a linear fit was taken as the COF (Figure 2). On the bare gold (Au) the 

Ff increased linearly (R2=0.98) with Fn, corresponding to a COF of 0.26 (Figure 

2a). The COF was reduced to 0.14 after the SCF was exposed to buffer (Figure 

2a). S-SCFs with intermediate recombinant SUP layer exhibited an even further 

decreased COF (Figure 2b and 2c) giving rise to better lubricity. The highest 

structural softness of S-SCFs with intermediate exposure to K108cys and 

K144cys led to extremely low COFs with values of 0.045 and 0.051, respectively 

(Figure 2d). The structural softness induced COF variation was further 

evaluated with the first-order kinetic model. The correlation could be 

formulated as  𝑦 = 𝑎 + 𝑦𝑜 . 𝑒
𝑘.𝑥    (6) 
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Figure 2. In vitro, nano-scale lubrication properties of SUP modified S-SCFs for different 

SUP molecular weights.  The friction force versus normal force measured by colloid 

probe atomic force microscope, plots (a) and (b) used to calculate the coefficient of 

friction (COF) as slope of the linear fits presented in (c). (d) The correlation between 

structural softness of S-SCF after interaction with SUPs and resulting COF. 

Reconstituted human whole saliva (RWS) was used for these measurements. 
*
Statistically significant (p<0.05) differences in COF of S-SCFs with respect to bare 

crystal. 
#
Significant differences (p<0.05) in COF of all S-SCF’s treated with SUPs with 

respect to S-SCF treated with buffer. 
&
Significant difference in COF of K108cys and 

K144cys treated S-SCFs with respect to S-SCFs fabricated with K72 or K108. 
@

Significant 

difference in COF between films generated by K144 and K108cys. 

where ‘y’ is the COF of S-SCF, ‘x’ is the structural softness (∆D3/∆f3 ) of S-SCF24,25, 

‘a’ and ‘y0’ are constants. ‘k’ is the kinetic rate constant, and negative values of 

‘k’ indicate an inverse correlation between ‘x’ (structural softness) and ‘y’ 

(COF). The kinetic parameters of Eq. (6) were estimated statistically by a data-

fitting procedure based on a nonlinear least-square regression method. As 

shown in Figure 2d, the higher structural softness was rebuilt through salivary 

mucin recruitment by the polypeptide, which lead to a lower COF. With 
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increase of molecular weight or the length of the SUPs the electrostatic 

stabilization, i.e., rigidity of SCF and mucin recruitment and softness of S-SCF 

increases (Figure 1g). Furthermore, higher molecular weights of the SUPs 

generate a larger amount of excess charges on the surface to recruit higher 

amounts of mucins to further increase the softness of the S-SCF. In vitro, 

K108cys provided the best recruitment resulting in the softest S-SCF (Figure 1g) 

and largest enhancement in salivary lubrication (Figure 2d). As also observed 

earlier, in our study the structural softness of the surface layer (SCF) correlates 

with increasing water content28. The softer S-SCF enabled by mucin 

recruitment yielded a different mesh size in S-SCF that affected the water 

content29, which gives rise to aqueous lubrication4,8,30. Although the roughness 

increased after mucin recruitment but the increased softness and hydration 

overwhelmed the side effect of roughness increase and gave rise to low 

friction. Similar phenomenon was found in the synovial fluid film in knee joint31. 

The structural softness increase of S-SCF induced by recombinant SUPs 

determined the lubrication behavior of S-SCFs (Figure2d), and the same 

principle may be applied to other articulating surfaces where water lubrication 

is mediated by an adsorbed conditioning film, e.g. eye and cartilage. 

3.4. Ex-vivo demonstration of the efficacy of K108cys to enhance lubrication 

using Sjögren’s patient saliva 

In vitro measurement of lubrication between a silica ball and a gold surface 

using a laboratory source of saliva RWS (human reconstituted whole saliva) at 

a nano-scale helped identifying K108cys as the SUP which gives rise to highest 

S-SCF structural softness and lowest COF. In order to translate this strategy 

closer to the clinic, the lubrication needs to be measured in terms of relevant 

parameters and between realistic sliding surfaces. Thus the ex-vivo evaluation 

of K108cys in regard to salivary lubrication with samples from 4 healthy 

volunteers and 4 dry mouth patients suffering from Sjögren’s syndrome were 

performed with a customized tongue-enamel friction system18 which mimics 

dry mouth and allows to measurement of ‘Relief’ (COF reduction) and ‘Relief 

Period’ (lubrication duration). Here on we differentiate between Healthy SCF 

(HSCF) formed of saliva from healthy volunteers and patient SCF (PSCF) formed 

of patient saliva. 
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Figure 3. Ex-vivo, macroscale lubrication properties of SUP modified S-SCFs involving 

healthy and patient saliva. Relief and Relief Period of the S-SCF measured with healthy 

saliva (HSCF) and saliva from patient individuals (HSCF) in ex-vivo tongue-enamel 

friction system
18

. a) Healthy S-SCF with intermediate buffer treatment.  b) Healthy S-

SCF with intermediate K108cys treatment. c) Patient S-SCF with intermediate buffer 

treatment. d) Patient S-SCF with intermediate K108cys treatment. e) Relief of SCF and 

S-SCF involving healthy saliva and saliva from patient individuals. f) Relief Period for 

patient saliva and healthy saliva. Error bars represent the standard deviation over 

three independent measurements. Stimulated human whole saliva (SWS) and Sjögren 

patient saliva was used for HSCF and PSCF, respectively. g) Schematic representation of 

SUP restoring the oral lubrication.
*
Statistically significant (P<0.05) differences in Relief 
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Period of S-SCF with intermediate K108cys treatment with respect to S-SCF with 

intermediate buffer treatment both for healthy and patient saliva. 
#
Statistically 

significant (P<0.05) differences between healthy and patient S-SCF, respectively, either 

for intermediate buffer treatment or K108cys treatment. 

The lubrication measurements were performed in 3 steps (Figure 3). Enamel 

was slid against the tongue for 2.5 s (10 cycles) under dry conditions and from 

this data COF was calculated using equation 4. Then 20 µL saliva from healthy 

individuals or Sjögren’s patients was introduced to create the initial SCF by 

enamel-tongue sliding for 4 cycles. The sharp drop in COF was called ‘Relief’ 

and calculated using equation 5 (Clearly marked in figure 3b). Afterwards 20 µL 

of K108cys or buffer solution was introduced for 4 sliding cycles followed by 

reflow of 20 µL of saliva from healthy individuals or Sjögren’s patients to create 

the S-SCF under continuous sliding. The COF was monitored till it started 

increasing and this time duration was called the Relief Period.  

After producing the initial SCF, pooled SWS provided a Relief of 4.5±0.8 fold 

whereas the patient saliva provided a Relief in the range of 3.7±0.6 fold. 

Introduction of the SUPs caused a slight increase in COF (Figure 3b and d inset), 

which is probably due to an increase in layer (SCF) rigidity induced by 

electrostatic stabilization as shown by the QCM-D data (black bars in Figure 1g). 

Reflow of saliva and formation of S-SCF restored the COF immediately, as 

shown in Figure 3b and d. The Relief between the initial SCF and S-SCF both for 

buffer and SUPs was similar. A slightly higher Relief was observed for pooled 

healthy saliva compared to the average value of Relief from the 4 patient saliva 

samples, probably because Sjögren’s patient saliva might contain either 

modified 32 or less amounts of lubricating molecules compared to healthy 

saliva 33. Intermediate exposure to SUPs does not affect the Relief. 

The duration for which the COF remained low (Figure 3 a, b, c and d) was 

designated as “Relief Period” and quantified using the conversion factor of 12 

cycles/minute. The end of the Relief Period was taken as the point, where a 

rapid change in slope was observed (Clearly marked in figure 3b). The Relief 

Period for the S-SCF with intermediate buffer was only about 6 and 3 min in 

healthy S-SCF and patient S-SCF, respectively, while for the S-SCF with 

intermediate K108cys exposure the Relief Period increased significantly both in 
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the patient saliva and healthy saliva. For pooled healthy SWS the Relief Period 

increased up to 41±3 min. For saliva from 4 patients the Relief Period 

increased from 15±2.5 to 30±3.6 min. In this contribution, our in vitro strategy 

to achieve low friction was successfully translated to the ex vivo stage with the 

help of a tongue-enamel friction system, by using xerostomia patient saliva, 

and by focusing on Relief Period, which is inaccessible to be determined in 

vitro with surface friction studies. For xerostomia patients, decreasing oral 

friction and making the Relief similar to healthy humans is necessary, but 

maintaining low friction for a long duration, i.e. longer Relief Period, is possibly 

more important to avoid frequent reapplication of saliva substitutes. Figure 3f 

clearly shows that an intermediate exposure to K108cys helps to enhance the 

Relief Period for both saliva samples. 

Although the layered composite structure of the salivary conditioning films (S-

SCFs) entails strong electrostatic complexation between the natural 

components and the cationic lysine residues of SUP, the Relief remains as good 

as without SUP treatment (Figure 3e). In vitro, the intermediate treatment 

with SUPs, as compared to buffer, show a clear decrease in friction (Figure 2c, 

d), but this decrease is not reflected in Relief ex-vivo (Figure 3e). The reason 

could be that the friction pairs in vitro and ex vivo are different. Furthermore, it 

is well known that the frictional properties often differ between the nano- and 

macro-scale34,35. Besides scale the surface properties (topography, roughness 

etc.) of tongue and enamel would be very different as compared to the smooth 

silica ball and QCM crystal. 

3.5. Tribochemical mechanism of the role played by SUPs on S-SCF lubrication 

Tribochemist enables real-time in situ ATR-FTIR spectroscopy during 

continuous sliding while both SCF and S-SCFs were established with or without 

SUPs. The protocol was similar as used in tongue-enamel friction in Figure 4 

but each sliding step consisted of 10 cycles. The COF of SCF increased after 

K108cys treatment (Inset Figure 4 b and d), which is consistent with the 

increase measured on the tongue-enamel friction system. Reflow of saliva and 

formation of S-SCF restored the COF and, as can be seen from Figure 4e, the 

Relief was not different between the initial SCF and S-SCF both for buffer and 

SUPs. Moreover, no significant difference was detected between the healthy  
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Figure 4. In vitro, macroscale lubrication properties of SUP modified SCFs from healthy 

and patient saliva. Relief and Relief Period of the S-SCF with patient saliva (PSCF) and 

healthy saliva (HSCF) at the silicon rubber-germanium sliding interface. a) Healthy S-

SCF with intermediate buffer treatment. b) Healthy S-SCF with intermediate K108cys 

treatment. c) Patient S-SCF with intermediate buffer treatment and d) patient S-SCF 

with intermediate K108cys treatment. e) Relief of SCF and S-SCF in patient saliva and 

healthy saliva. f) Relief Periodfor patient saliva and healthy saliva. Error bars represent 

the standard deviation over three independent measurements. Stimulated human 

whole saliva (SWS) and Sjögren patient saliva was used for HSCF and PSCF, respectively. 
*
Statistically significant (P<0.05) differences in Relief Period of S-SCF with intermediate 

K108cys treatment with respect to S-SCF with intermediate buffer treatment both for 

healthy and patient saliva. 
#
Statistically significant (P<0.05) differences between 

healthy and patient S-SCF, respectively, either for intermediate buffer treatment or 

K108cys treatment.  
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saliva conditioning film (HSCF) and patient saliva conditioning film (PSCF) after 

treatment with buffer or K108cys. Relief was higher as compared to the 

tongue-enamel friction system, which could be due to the difference in the 

tribo-pair, the PDMS-germanium on the tribochemist Vs tongue-enamel on the 

UMT. The Relief Period (Figure 4f) increased both for HSCF, from 13±1.8 to 

40±2.8min, and PSCF, from 6.6±2.6 to 26.6±3.2 min, after treatment with 

K108cys. 

During sliding of S-SCFs ATR-FTIR spectra were recorded every ten minutes. 

Three different regions can be distinguished in the FTIR spectra shown in 

Figures 5a-d, i.e. saccharide peaks in 960-1200 cm-1 region represent skeletal 

vibrations, peaks between 1600-1700 cm-1 corresponding to amide I 

vibrations36 from the salivary protein and peaks between 2500 and 3800 cm-1 

belonging to water23. Polysaccharide and water peak areas were quantified 

and the ratio of polysaccharide and water peak area as a function of time is 

presented in Figure 5e. Polysaccharide adsorption peaks are observed both for 

healthy (HSCF) and patient (PSCF) S-SCF, but the polysaccharide to water ratio, 

i.e. glycoprotein concentration for HSCF (0.017±0.002) was significantly higher 

than for PSCF (0.01±0.003) (Figure 5e), indicating lower amounts of 

glycosylated proteins in patient saliva 32,33,37. For buffer treated SCF (Figs. 5a 

and b) the polysaccharide peaks increased while water peaks decreased with 

time causing an increase in the polysaccharide/water peak ratio (Figure 5e). 

This can be caused by lose of water like evaporation leading to an increase of 

the glycoprotein concentration upon sliding in a short time. Both for HSCF and 

PSCF treated with SUP K108cys, the polysaccharide/water ratio remained 

constant at 0.0236±0.0025 for 40 min and 0.0166 ± 0.0012 for 30 min of sliding, 

respectively (Figure 5e). The constant polysaccharide/water ratios indicate 

that water was retained on the surface to maintain low COF and long Relief 

Period as shown in Figure 3f and 4f. The strong water fixdation also confirmed 

by the lower rate of water loose in Figure 5f when SCF treated by K108cys. 

Buffer treated HSCF and PSCF show a Relief Period of 6 to over 10 minutes 

(Figure 3f and 4f), which could be due to fast increase of the 

polysaccharide/water ratio upon sliding (Figure 5e). The S-SCF treated with 

K108cys resulted in a soft layer on top of a relatively rigid charge-stabilized  
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Figure 5. Tribochemistry of SUP modified S-SCFs from healthy and patient saliva. 

Typical FTIR adsorption bands for the S-SCF with patient saliva (PSCF) and healthy 

saliva (HSCF) treated with K108cys or buffer on a Ge crystal surface during sliding with 

PDMS pin (1mm/s; loading force 450mN) as a function of time. Clearly visible are the 

polysaccharide peaks (950 to 1200cm
-1

) the amide I peaks indicative of proteins (1600 

and 1700cm
-1

) and the peaks between 2500
-1

cm to 4000cm
-1

 are indicative of water. (a) 

HSCF treated with buffer. (b) PSCF treated with buffer. (c) PSCF treated with K108cys. 

(d) HSCF treated with K108cys. (e) The ratio between saccharide and water peak area 

for HSCF and PSCF treated with K108cys and buffer, respectively. (f) The absorbance of 

water on HSCF and PSCF with K108cys or buffer treatment in function of time.  Each 

data point and error bar on HSCF is an average and standard deviation from triplicate 

measurements performed with healthy saliva and saliva from Sjögren’s syndrome 

patient.  
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layer, which assists to retain water on the surface and provides high lubricity 

for a longer period of time (Schematic 2). The results clearly prove that an 

intermediate layer of K108cys causes electrostatic stabilization of SCFs, which 

are accompanied by strong water fixation and delayed water evaporation 

giving rise to longer Relief Period not only for healthy but also patient saliva. 

There is an urgent need to develop biomimetic lubricants to restore oral 

lubrication for xerostomia patients. In the present study, a novel approach of 

electrostatic stabilization and mucin recruitment with recombinant SUPs 16 was 

pursued to create a layered composite salivary conditioning film (S-SCF) from 

patient’s endogenous saliva to enhance oral biolubrication. In contrast to other 

salivary lubrication research, where  polydimethylsiloxane (PDMS) ball on disk 

sliding yields a 100-fold drop in the COF to values of 0.02538,39, the tongue-

enamel friction system used here shows realistic drop in the COF to values of 

0.5. Furthermore, the Relief highly correlates with in vivo dry mouth feel 

(r=0.97)18. K108cys treatment of patient saliva showed an average Relief 

Period of 21±7 minutes, which was better than 0.5 minutes for the use of 

Dentaid Xeros, a typical artificial saliva substitute18.  

 
Schematic 2. Schematic illustration showing the strong water immobilization of the 

layered S-SCF by introduction of  SUP. 
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Conditioning films present on articulating interfaces, such as SCF in mouth16, 

tear conditioning film on ocular surfaces40 and lamina splendens on cartilage 

surfaces41 are essential for effortless sliding, while conditioning film 

impairement due to auto immune diseases, age and medication 42–44, leads to a 

variety of symptoms like dry eye, dry month or excessive cartilage wear in 

articular joints16. Our approach is to utilize the existing salivary glycoproteins, 

stabilize them electrostatically with the help of K108cys and enhance 

lubrication. A proof of principle is obtained for oral lubrication, the most 

challenging environment for biolubrication, but similar recruitment 

mechanisms may be applied in other parts of body where lubrication is 

required. In this study we have based our conclusions on in vitro and ex-vivo 

salivary lubrication measurements. We have not performed any in vivo 

experiments because of the lack of a suitable animal model which can mimic 

xerostomia. The low yields of SUP by E-Coli  may hindered the commercial 

application when large scale of SUPs are needed by the patients. Further work 

will be focused on the establishment of a suitable animal model and finding 

ways to enhance the yields of SUP. This research provides new important 

insights in restoring the functionality of conditioning films at articulating 

tissues in living system. 

4. Conclusions 

We successfully increased the molecular weight of SUPs by using genetic 

engineering to obtain K72, K108 and K144. By introducing two cysteines at the 

N- and C-terminus of the SUPs, we produced K108cys and K144cys, allowing 

partial dimerization by disulfide formation, doubling the SUP molecular weight 

even further. QCM-D and AFM measurements show that increase in the length 

of the SUP backbone enhances lubrication with K108cys having the optimal 

length for salivary lubrication enhancement. K108cys did not adversely affect 

the Relief and was able to significantly enhance the Relief Period for saliva 

from patients suffering from xerostomia due to Sjögren’s syndrome. In situ 

infrared spectroscopy during the lubrication process revealed the ability of 

K108cys to function synergistically with SCF to bind water molecules and 

thereby delay evaporation. A proof of principle was obtained for oral 

lubrication and suggests to be an alternative solution by exploiting residual 
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saliva components in even the diseased state. Here, we demonstrate that the 

functionality of naturally remaining lubricating moieties can be strongly 

improved through a layered architecture with the help of genetically 

engineered polypeptide materials instead of replacing and masking original 

lubricants with exogenous components. The strategy may also be beneficial for 

other parts of the body where aqueous lubrication is essential at articulating 

interfaces.  
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Supporting information 

Materials and Methods 

Cloning/Gene oligomerization. The general protocol of molecular cloning can 

be found in a previous report16.   Information about the genes and the 

respective amino acid sequences of the monomeric K variant containing Cys 

are shown in Figure S1. In brief, the SUP monomer gene was excised from the 

pJET1.2 vector by digestion with PflMI and BglI and run on a 1% agarose gel in 

TAE buffer (per 1L, 108 g Tris base, 57.1 mL glacial acetic acid, 0.05 M EDTA, pH 

8.0). The band containing the gene was excised from the gel and purified using 

the QIAGEN spin column purification kit. A host vector pJET1.2 containing the 

monomer gene fragment was digested with PflMI and dephosphorylated. The 

vector was purified by agarose gel extraction following gel electrophoresis. The 

linearized pJET1.2 vector and the SUP-encoding gene were ligated and 

transformed into chemically competent DH5α cells (Stratagene, Cedar Creek, 

TX) according to the manufacturer’s protocol. Cells were plated and colonies 

were picked and grown overnight in LB medium supplemented with 100 µg/mL 

ampicillin, and plasmids were isolated using the GeneJET Plasmid Miniprep kit. 

Positive clones containing the doubled gene fragment were verified by plasmid 

digestion with PflMI and BglI and subsequent gel electrophoresis. The DNA 

sequence of putative inserts was further verified by DNA sequencing (GATC, 

Konstanz, Germany). Further oligomerization was performed similarly with the 

procedure above, which is termed recursive directional ligation and was 

developed by Chilkoti and co-workers45 . 

Expression vector construction. The pET25b(+) expression vector was digested 

with EcoRI and NdeI, dephosphorylated and purified using a micro-centrifuge 

spin column kit. The repetitive SUP gene was excised from the cloning vector 

with the same enzymes and purified by agarose gel extraction following gel 

electrophoresis. The linearized vector and SUP-encoding gene were ligated 

with T4 ligase (Thermo Scientific), transformed into DH5α competent cells and 

screened as described above. The constructs of pET25b-SUP were verified first 

by EcoRI and NdeI digestion and then sent for DNA sequencing.  
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Polypeptide expression and purification. E.coli BLR (DE3) cells (Novagen) were 

transformed with the pET25b expression vectors containing the respective ELP 

genes. For polypeptide production, Terrific Broth medium (for 1 L, 12 g 

tryptone and 24 g yeast extract) enriched with phosphate buffer (for 1 L, 2.31 g 

potassium phosphate monobasic and 12.54 g potassium phosphate dibasic) 

and glycerol (4 mL per1 L TB) and supplemented with 100 µg/mL ampicillin, 

was inoculated with an overnight starter culture to an initial optical density at 

600 nm (OD600) of 0.1 and incubated at 37°C with orbital agitation at 250 rpm 

until OD600 reached 0.7. Polypeptide production was induced by a temperature 

shift to 30°C. Cultures were then continued for additional 16 h post-induction. 

Cells were subsequently harvested by centrifugation (7,000 x g, 30 min, 4ºC), 

re-suspended in lysis buffer (50 mM sodium phosphate buffer, pH 8.0, 300 mM 

NaCl, 20 mM imidazole) to an OD600 of 100 and disrupted with a constant cell 

disrupter (Constant Systems Ltd., DaventryNorthants, UK). Cell debris was 

removed by centrifugation (25,000 x g, 30 min, 4 ºC). Polypeptides were 

purified from the supernatant under native conditions by Ni-sepharose 

chromatography. Product-containing fractions were pooled and dialyzed 

against ultrapure water and then purified by anion exchange chromatography 

using a Q HP column. Purified products were frozen in liquid nitrogen, 

lyophilized and stored at -20ºC until further use. 

Product Characterization. The concentrations of the purified polypeptides 

were determined by measuring absorbance at 280 nm using a 

spectrophotometer (Spectra Max M2, Molecular Devices, Sunnyvale, CA). 

Product purity was determined by sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE) on a 10% polyacrylamide gel. Afterwards, gels 

were stained with Coomassie staining solution (40% methanol, 10% glacial 

acetic acid, 1 g/L Brilliant Blue R250). Photographs of the gels after staining 

were taken with a LAS-3000 Image Reader and the resulting images are shown 

in Figure S2 (Fuji Photo Film GmbH, Dusseldorf, Germany).  

Mass Spectrometry. Mass spectrometric analysis was performed using a 4800 

MALDI-TOF/TOF Analyzer in the linear positive mode. The polypeptide samples 

were mixed 1:1 v/v with α-cyano-4-hydroxycinnamic acid matrix (SIGMA) (100 

mg/mL in 70% ACN and 0.1% TFA). Mass spectra were analyzed with the Data 
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Explorer V4.9 (shown in Figure S3). Values determined by mass spectrometry 

are in good agreement with the masses that are calculated based on the amino 

acid sequence (shown in Table S1). 

 

Figure S1. The gene and amino acid sequence of the monomer used in this study. Two 

cysteines flank both N- and C-terminus of the gene of interest. 

 
Figure S2. Protein samples used in this study characterized by SDS-PAGE. M, Protein 

ladder. Lane 1 is K72, Lane 2 is K108, Lane 3 is K144, Lane 4 is K108cys and Lane 5 is 

K144cys. Lane 6 is K108cys with dithiothreitol (a reducing chemical agent), which 

prevents dimerization. Black arrows indicate monomeric and dimerized  bands of 

K108cys.The amount of dimer was quantified to around 30% compared to the amount 

of monomer. Grey arrows show monomer and dimer bands of K144cys exhibiting a 

ratio of 50% to 50%. The electrophoresis behavior of supercharged proteins is different 

compared to conventional proteins under denaturing SDS-PAGE conditions  due to 

their excessive amount of charges.  
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Figure S3. MALDI-TOF mass spectra of SUPs used in this study.  

 

Figure S4. XPS analysis elemental composition of S-SCF treated with  buffer or different 
SUPs. O1s photo-electron peaks of S-SCF adsorbed to crystal surface with or without 
SUP treatment are are devomposed in two compound i.e. O=C-N involved in amide 
groups and glyco group (C-O-H) 

46
 which could be calculated by integral of O1s at 

532.7ev. 
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Table S1. Molecular mass analysis of supercharged polypeptides used in this study. 

 
 

Mw 

calculated* 

(Da) 

Mw ms# (Da) 
Average Mw available 

during lubrication$ 

K72 
GAGP[(GVGVP)(GKGVP)9]8G

WPH6 
36313 36347 ± 50 36347 ± 50 

K108 
GAGP[(GVGVP)(GKGVP)9]12G

WPH6 
53870 53782 ± 100 53782 ± 100 

K108cys 
CGAGP[(GVGVP)(GKGVP)9]16

GWPH6C 
54167 54118 ± 100 

54118(70%)+ 

108234(30%) 

K144 
GAGP[(GVGVP)(GKGVP)9]16G

WPH6 
71294 71321 ± 150 71321 ± 150 

K144cys 
CGAGP[(GVGVP)(GKGVP)9]16 

GWPH6C 
71860 71826 ± 150 

71826(50%)+ 

143650(50%) 

*average molecular weight calculated with ProtParam tool. 
#
molecular weight 

determined by MALDI-TOF mass spectrometry. 
$
molecular weight calculated taking 

dimerization into consideration (MALDI TOF + SDS-PAGE) 

 

Table S2. Elemental composition of S-SCF treated with buffer, K72, K108, K144, 

K108cys, and K144cys. ± indicates standard deviation over three measurements. 

% S-SCF with buffer S-SCF 

with K72 

S-SCF with 

K108 

S-SCF with 

K144 

S-SCF with 

K108cys 

S-SCF with 

K144cys 

C 60.35±2.05 57.4±3.5 58.73±1.5 47.83±1.24 45.35±1.9 49.46±8.8 

N 11.22±0.37 9.2±2.2 9.68±0.8 9.21±1.85 8.49±0.6 7.8±2.7 

O 

Ototal 18.56

±1.12 
17.8±2.9 18.88±1.4 22.18±5.2 23.99±3.5 23.51±7.6 

%O532.7*

Ototal 

4.8± 

0.3 
6. 4±1.0 7.74±2.4 9.99±1.9 11.49±0.6 10.88±2.3 

S 1.16±0.03 0.7±0.13 0.99±0.75 1.3±0.8 1.57±0.4 2.92±1.9 

Cl 3.46±0.16 7.3±5.5 3.53±0.09 5.98±2.9 8.21±0.9 3.99±2.4 

P 2.37±0.53 5.4±4.0 4.35±2.8 5.76±5.5 4.86±3.5 4.47±2.2 

N

a 

2. 9±0.31 3.07±0.0

4 

3.4±1.5 2.76±1.6 5.02±3.5 4.5±1.2 
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Figure S5. Surface topography of the surfaces as imaged by AFM under tapping mode. 

(a) Bare Au-coated crystal. (b) S-SCF treated with buffer.  (c) S-SCF treated with K72.  (d) 

S-SCF treated with K108.  (e) S-SCF treated with K144.  (f) S-SCF treated with K108cys. 

(g) S-SCF treated with K144cys. (h) Height as a function of width of the globular 

structures found in different S-SCF. 
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Abstract 

Oral lubrication mediated by salivary conditioning films (SCFs) containing 

mucins and proteins with strong water retainability can get impaired due to 

disease such as xerostomia, that is, a subjective dry mouth feel associated with 

the changed salivary composition and low salivary flow rate. Aberrant SCFs in 

xerostomia patient causes difficulties in speech, mastication, dental erosion 

while the prescribed artificial saliva are inadequate to solve the complications 

on a lasting basis. With the growing aging population, it is urgently need to 

propose a new strategy to restore oral lubrication. Existing saliva substitutes 

often overwhelm the aberrant SCFs, generating inadequate relief. Here we 

demonstrated that the function of aberrant salivary SCFs in patient with 

Sjögren syndrome can be boosted through mucin recruitment by a simple 

mucoahesive, chitosan-catechol (Chi-C). Chi-C with different conjugation 

degrees (Chi-C7.6%, Chi-C14.5%,  Chi-C22.4%) were obtained by carbodiimide 

chemistry, which induced a layered structure composed of a rigid bottom and 

a soft secondary SCF (S-SCF) after reflow of saliva. The higher conjugation 

degree of Chi-C generates a higher glycosylated S-SCF by mucin recruitment 

and a lower friction in vitro. The  layered S-SCF extends the “Relief Period” for 

Sjögren patient saliva over 7-fold, measured on an ex vivo tongue-enamel 

friction system. Besides lubrication, Chi-C-treated S-SCF reduces dental erosion 

depths from 125 to 70μm. Chi-C shows antimicrobial activity against 

Streptococcus mutans. This research provides a new key insight in restoring the 

functionality of conditioning film at articulating tissues in living systems. 

Keywords: Oral lubrication enhancement, mucin, Dry mouth, Sjögren’s 

syndrome, Conditioning film, Chitosan-catechol
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1. Introduction 

Reduced saliva secretion and altered salivary composition are associated with 

xerostomia, that is, a subjective dry mouth feel, which seriously decreases the 

quality of patient life. Sjögren’s syndrome 1,2; head neck radiation therapy 3 

and use of medication 4 causes xerostomia (dry mouth). Glycoproteins i.e. 

mucins 5 in SCFs, retain water and yield unmatchable hydration lubrication on 

oral surface 6. However, the aberrant SCFs of xerostomia patient with limited 

mucins attributed to the changed salivary composition and low salivary flow 

rate yield poor lubrication associated with dental erosion and dental caries 7. 

To mellow the symptoms, xerostomia patients use saliva substitutes, which 

contains either food-grade thickeners extracted from animal and plant sources 

or lubricant molecules like porcine gastric mucins (PGM), often masking the 

native SCFs. A Cochran collaboration 8, in which 1597 patients were included, 

concluded that topical delivery of saliva substitutes is ineffective in relieving 

dry mouth symptoms, which is also confirmed by Vinke et al. with the help of a 

tongue-enamel friction model 9,10 

In an actual dry oral cavity with limited saliva, endogenous glycoproteins, 

including mucins, are available and could potentially be use as a part of 

treatment instead of being disregarded. Thus, an alternate strategy could be 

where instead of overwhelming the dry oral cavity with exogenous molecules, 

we work together and make mucins part of the solution. Intrigued by the fact 

that cationic polyelectrolytes 11 can improve the mechanical strength of 

polysaccharide multilayers, we tested their ability to act as an additive to 

improve oral lubrication by enhancing the SCFs. Chitosan12,13, is a nature-

derived cationic mucoadhesive with strong electrostatic interactions and a 

large amount of hydrogen bonding14, especially after modified with catechol  

(Chi-C), which endows it water solubility at neutral pH12.  Chi-C  shows a high 

affinity to glycoprotein whose oxidized derivative can bioconjugate with 

amines and cysteine residues of protein or glycoprotein through Michael 

addition or Schiff bases formation 15–18, while its potential to stabilize SCF has 

never been investigated. We hypothesized that Chi-C will bind to and absorbs 

on the limited SCF; meanwhile, sessile Chi-C then attracts and recruits 
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glycoproteins from saliva through electrostatic attraction and chemical binding 

to boost SCFs, which can enhance oral lubrication and resist dental erosion. 

Here we tested the above hypothesis based on Chi-C with increasing 

conjugation degree (Chi-C7.6%, Chi-C14.5%,  Chi-C22.4%). The kinetics of the SCF 

formation, the modification with Chi-C, and the formation of secondary SCF (S-

SCF) during reflow of saliva were monitored by quartz crystal microbalance 

with dissipation (QCM-D).  The composition alteration in SCFs was determined 

by X-ray photoelectron spectroscopy (XPS). Lubrication properties of S-SCF 

with Chi-C treatment at the nanoscale were investigated by colloidal probe 

atomic force microscopy (AFM), and saliva from patient with Sjögren’s by Chi-C 

treatment was evaluated on an ex vivo tongue-enamel friction system10 at 

macro-scale. The antimicrobial efficacy of Chi-C and the ability of Chi-C-treated 

S-SCF to resist dental erosion were also tested. 

2. Materials and Methods  

2.1. Chi-C synthesis, monitoring of adsorption SCF with Chi-C treatment and 

their changes of composition and lubrication at nanoscale 

Chi-C was synthesized using carbodiimide chemistry12-13 and details are present 

in the SI. A standard protocol was followed to collect and prepare stimulated 

whole saliva (SWS) from both healthy and patient volunteers. SWS from both 4 

healthy (HS) and 4 patients (PS) suffering from  Sjögren’s syndrome, were 

collected for tongue-enamel friction measurement. All saliva collection and use 

were performed under the approval of the Medical Ethics Review Board of the 

University Medical Center Groningen (approval numbers M17.217043, 

M09.069162, M17.2157256, and UMCG IRB #2008109). QCM-D device model 

Q-sense E4 (Q-sense, Gothenburg, Sweden) was used to study the structural 

softness and formation kinetics of SCFs in vitro with or without Chi-C 

treatment. Briefly, saliva induced to the cleaned QCM-D sensor with 50µL/min, 

25°C for 2h, corresponding with a shear rate of 3 s−1 represents a low oral 

salivary flow rate and followed by perfused with buffer or 0.05% w/v of Chi-C 

for 2 min and finally induced with another 2 h of saliva flow to form a 

secondary SCF (S-SCF). In between each step, the chamber was perfused with 

buffer for 15 min to remove the free molecules from the tubes, chamber and 
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crystal surface. The crystals coated by a S-SCF with or without Chi-C treatment 

were taken out from QCM-D for surface composition analysis by X-ray 

photoelectron spectroscopy (Details in SI) and nano-lubricity evaluation by 

colloidal probe atomic force microscopy(Details in SI). 

2.2. Tongue-enamel friction system10 

The friction measurements at macroscale were performed in reciprocating 

sliding between the tongue and enamel using the same protocol as Vinke et 

al.10 with a universal mechanical tester (UMT-3, CETR Inc., USA) under a normal 

force of 0.25 N at a sliding velocity of  4 mm/s and distance of 20 mm. The 

ratio of measured friction force and applied normal force was taken as the 

coefficient of friction (COF). 

Firstly the enamel was slid against the tongue for 10 cycles to obtain dry 

baseline and mimic dry mouth10. Then, a drop of 20 µL of SWS from healthy 

controls or Sjögren’s patients was placed at the tongue-enamel interface and 

rubbed 4 cycles to spread out forming the initial SCF, followed by another 20µL 

of buffer or Chi-C22.4% and 4 cycles of rubbing (step 3), finally  another 20µL of 

healthy or patient SWS was add forming the S-SCFs and the sliding was 

continued. The ratio between COF measured in dry baseline and S-SCFs was 

designated as ‘Relief’ using equation 1. The duration for which the COF 

remained low was designated as ‘Relief Period’.     

Relief=COFdry / COFwet                     (1) 

2.3. Dental erosion protection and antimicrobial and biocompatibility 

Dental erosion was tested using an established protocol 21,22  on the bovine 

incisors, detailed protocol is presented in the supplementary information. The 

antimicrobial efficacy of Chi-C was tested on Streptococcus mutans, and safety 

of Chi-C use was tested using the mouse fibroblastic cell line (L929) with the 

help of XTT assay 23 and microscopic examination of the cells. The protocols are 

described in detail in the supplementary information. 

2.4. Statistical analysis  

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

with a two-tailed Student’s t test, with significance set at p < 0.05. 
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3. Results  

3.1. Preparation and characterization of Chi-C 

Chi-C with three conjugation degrees was successfully and respectively called 

Chi-C7.6%, Chi-C14.5%, and Chi-C22.4%. H-NMR and UV-Vis spectrophotometry 

helped prove conjugation (Figure S1) and calculation of the conjugation degree, 

results are described in detail in the supplementary information.  

3.2. In vitro modification of SCF due to Chi-C 

After 2 hours of salivary flow on the bare sensor, a large amount of salivary 

protein adsorption on the sensor surfaces takes place as shown by a large 

frequency shift (∆f3) of -70±10 Hz and a dissipation (∆D3) greater than 10-5 

(Figure 1). Exposure of SCF to buffer (Figure 1a) yielded a small change in ∆f3 

and ∆D3, while exposure to Chi-C solutions (0.5 mg/ml) with 3 conjugation 

degrees, a significant decrease in ∆D3/∆f3 (Figures 1b-d) (hollow bars in Figure 

1f) was observed, suggesting a Chi-C induced compaction of the SCF with 

hydrogen bonding, electrostatic attraction and covalent bonding irrespective 

of the conjugation degree. To mimic the oral situation saliva was reintroduced 

in the QCM-D, which caused renewed adsorption of salivary proteins and the 

formation of secondary SCF (S-SCF) (Figures 1a-d). The higher conjugate 

degree of Chi-C14.5% (-160±15 Hz) and Chi-C22.4% (-170±8.6 Hz) led to larger 

frequency shift ∆f3 and higher ∆D3/∆f3 as compare to Chi-C7.6% (-130±10Hz) and 

buffer (-75±10Hz) exposure.  

3.3. In vitro changes in topography, lubrication, and composition of S-SCFs 

induced by Chi-C 

Salivary protein adsorption was also evident from the morphology of the S-

SCFs as investigated by AFM and shown in Figure 2a. Bare sensor shows a 

smooth surface, but uneven, globular structures appeared after the adsorption 

of salivary protein with heights of about 23±4nm. Numerous similar structures 

were observed at 30±7nm in S-SCF with Chi-C7.6%, 38±5nm in S-SCF with Chi-

C14.5% and 37±7nm in S-SCF with Chi-C22.4%. Mucins in the SCFs are believed to 

be absorbed in the form of loops and trains on the surface5 and higher globular 

structures were found in S-SCFs with Chi-C especially in Chi-C22.4% and Chi-C14.5%, 
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which could be caused by a large amount of mucin recruitment on the top 

layer.  

 
Figure 1. Kinetics of SCF formation, Chi-C adsorption to SCF, and renewed exposure to 
saliva to get S-SCF using the quartz crystal microbalance with dissipation (QCMD). The 
mass adsorption was quantified by frequency shift and structural softness by 
calculating the ratio between dissipation and frequency shift. SCF treated with buffer 
(a), Chi-C7.6%  (b), with Chi-C14.5% (c) and Chi-C22.4% (d), respectively. (e) Frequency shift 
after renewed exposure to saliva and (f) structural softness of SCF with and without 
(buffer) Chi-C adsorption and renewed exposure to saliva. Error bar represents the 
standard deviation over three independent measurements.

 *
Statistically significant 

(p<0.05, two tailed student t-test) differences in softness and frequency compared to 
control film. 

# 
Significant differences in frequency or softness of S-SCF with Chi-C22.4% 

treatment compared to S-SCF with Chi-C7.6% treatment.
& 

Significant difference in 
frequency between S-SCF with Chi-C14.5% and Chi-C22.4% treatment.. 
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Figure 2. S-SCF change in composition, measured using XPS, in topography and nano-

friction, measured by AFM and colloidal probe AFM. (a) Surface topography of bare 

Au-coated crystal, S-SCF treated with buffer, Chi-C7.6%, Chi-C14.5%, and Chi-C22.4%, 

respectively. (B) The amount of glycoprotein (%O) in S-SCF with buffer or different 

conjugate degree Chi-C treatment were obtained from a decomposition of O1s 

photoelectron peak in XPS. (c) Friction force versus applied load curves of bare QCM-D 

crystal, S-SCF treated with buffer or Chi-C, respectively. (d) COF of each S-SCF 

calculated by slope of the linear fitting. (e) Correlation between structural softness of 

S-SCF and COF, and the higher structural softness of S-SCF the lower COF was achieved. 

*Statistically significant differences (p<0.05) in the content of glycoprotein in S-SCF 

with Chi-C treatment respect to S-SCF with buffer treatment in (b), or COF between S-

SCF and bare crystal in (d). 
#
Statistically significant (p<0.05) difference in COF of S-SCF 

treated with Chi-C respect to treated with buffer. 
& 

Significant difference in COF 

between S-SCF with Chi-C22.4.% and Chi-C7.6% treatment respectively. 

Mucin recruitment is also confirmed by the increased glycosylation of the S-

SCFs with different Chi-C treatments (Figure 2b, S3, and Table 1, S1) measured 

using X-ray photoelectron spectroscopy. The result from Table 1 showed a 

different relative content of C, O, N. The C1s spectra of each surface could be 

deconvoluted into four different peaks: C-(C,H), C-N/C-O, and O-C-O/ O=C-O, 

and their percentages for S-SCF with or without Chi-C treatment were different 

9.5µm

(d)

(c)

(e)

Bare crystal

S-SCF with Chi-C7.6% 

S-SCF with Chi-C14.5% 

S-SCF with Chi-C22.4% 

S-SCF with Buffer

(a) (b)
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as shown in Figure S3 and Table 1, suggesting different proteins were present 

on the surface. In S-SCF with Chi-C treatment, the relative content of C-C was 

slightly decreased while the C-N was increased in Table 1, which may attribute 

to the protein or glycoprotein recruited to the surface. As for the O1s spectra, it 

could be deconvoluted into two components: O=C-N and H-O-C considered as 

the O from protein and glycol group respectively. The relative contents of 

glycoprotein could be calculated by the integral of O1s at 532.7ev in Figure 2b 

and S2. The higher amount of O1s at 532.7ev 20 i.e. about 9.88±1.6 and 9.35±1.3 

was achieved in SCF with Chi-C22.4% and Chi-C14.5%  modification respectively 

while only 5.39±2.25 and 7.04±2.6 was detected in SCF with buffer and Chi-C7.6% 

treatment respectively. This indicates that Chi-C can recruit glycoprotein on 

the SCF surface to increase the glycosylation, which is in agreement with the 

higher ∆D3/∆f3 measured by QCM-D. The QCM-D crystals with S-SCFs were 

mounted under the colloidal probe AFM for lubrication evaluation. On the bare 

gold (Au), Ff increased linearly with Fn, corresponding to a COF of 0.25±0.03 

(Figure 2c,d), which is consistent with the literature 24 where give a COF of 0.28 

between silica ball and QCM crystal. Formation of S-SCF with an intermediate 

exposure to buffer decreased the COF to 0.132±0.021 (Figure 2c,d). S-SCFs 

with intermediate exposure to Chi-C further decreased the COF to 

0.053±0.0052 with Chi-C7.6%, 0.051±0.0053 with Chi-C14.5%, and the extremely 

low COF was observed on S-SCFs with intermediate exposure to Chi-C22.4% 

about 0.047±0.0031. A clear correlation between the increasing structural 

softness and decreasing COF was obtained (Figure 2e). A plateau with respect 

to COF was achieved with Chi-C22.4% indicating that any further increase in the 

conjugation degree will probably not provide any further decrease in friction. 

The lowest COF was detected for S-SCF with Chi-C22.4% treatment, 

corresponding to the highest mass adsorption (Figure 1e), highest structural 

softness (Figure 1f), and highest glycosylation (Figure 2d). Since Chi-C caused 

rigidification (Figure 1f) of the lower layer (SCF) irrespective of the Chi-C 

conjugation degree, the decrease in friction can be mainly attributed to 

increased softness of the top layer (S-SCF) due to mucin recruitment.  

C
h

a
p

te
r 3

 



Chapter 3 

56 

 

Table 1. Surfaces chemical bonding of S-SCF with or without (PBS) Chi-C treatment. 

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

(%) C-C C-N O-C-O O-C=O  N-C=O H-O-C 

S-SCF-PBS 61.6 22.4 12.3 3.7  66.3 33.7 

S-SCF-Chi-C7.6% 52.2 30.2 14.9 2.7  49.9 50.1 

S-SCF-Chi-C14.5% 56.3 27.5 13.8 2.4  48.7 51.3 

S-SCF-Chi-C22.4% 58.5 30.5 7.7 3.3  43.3 56.7 

 

3.4. Translation of an in-vitro observation to the ex-vivo stage and for patient 

saliva 

Chi-C22.4%  was chosen to explore its potential lubrication enhancement efficacy 

with patient saliva suffering from Sjögren’s syndrome (an aetiology of 

xerostomia) on the tongue-enamel system9,10 using real biological tissue, which 

can give the information of ‘Relief’ and ‘Relief period’. Consistent with the 

observations in previous studies, a COFdry of around  2.5 was observed (Figure 

3). A sharp drop in COF was observed after formation of initial SCF with an 

introduction of 20 µL saliva (called COFwet). From Figures 3c and 3d (black up 

arrow), a slight increase in COFwet is clearly visible both for patient saliva (PS) 

and healthy saliva (HS) immediately after the interaction of Chi-C22.4% with the 

SCF indicating a very strong stabilization and compaction due to the hydrogen 

bond, irreversible covalent formation, electrostatic attraction (Figure 1f). Upon 

re-exposure to 20µl saliva, the COF again decreases, which is caused by the 

formation of a softer S-SCF by recruiting salivary glycoproteins (Figure 2c). 

Although no significant difference was found in the relief between PS and HS 

after treatment with either buffer (5.2±1.2 folds and 4.9±1.2 folds respectively) 

or Chi-C22.4% (5.1±1.1 folds and 5.0±1.3 folds respectively) the relief period 

(Figure 3f ) of S-SCFs with Chi-C22.4% treatment were drastically elongated 

extended both for PS (25±4.8 min) and HS (36±3.3min) compared to buffer 

treatment in PS (3.3±1.3min) and HS (7.2±0.3min) respectively. The longer 

relief period is attributed to Chi-C22.4% which stabilized the SCF and recruited 

salivary glycoproteins to form a very soft S-SCF (Figure 1f, 3g). The significantly 

lower relief period was observed for PS compare to HS after treated with Chi-

C22.4% because PS contained either modified or reduced glycosylated mucin 
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molecules 25–27 compared to HS, which was confirmed in Figure S4 showing less 

glycol-group in four PS than in HS using ATR-FTIR, which is widely used to 

analyze the glycoprotein and glycol group 28. The lubrication property of saliva 

in terms of Relief Period demonstrated that Chi-C is able to stabilize the SCF 

and restore the lubrication at macroscale even with saliva from patients 

suffering from Sjögren’s syndrome.  

 
Figure 3. Relief and Relief Period of the S-SCF with patient saliva and healthy saliva in 

an ex-vivo tongue-enamel friction system. The stimulated saliva from 4 healthy (HS) 

(a) (b)

(c) (d)

(e) (f)

Compaction 

bottom

Soft top

Salivary conditioning film Salivary conditioning film with Chi-C22.4%

(g)
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volunteers (a flow rate of 3.36, 1.76, 1.04, 1.02 ml/min) and 4 patients (PS) suffering 

from Sjögren’s syndrome (an aetiology of xerostomia) with a reduced flow rate (0.48, 

0.72, 0.45, 0.98ml/min  ) were collected to transfer this strategy to a real biological 

tissue at macroscale. (a) Healthy S-SCF treated with buffer and (b) patient S-SCF 

treated with buffer. (c) Patient S-SCF and (d) healthy S-SCF treated with Chi-C22.4% 

respectively. (e) Relief induced by patient and healthy S-SCF with buffer and Chi-C22.4% 

treatment. (f) Relief period of patient and healthy S-SCF with buffer and Chi-C22.4% 

treatment. (g) Schematic of Chi-C interaction with salivary mucin and forming a softer 

S-SCF. Error bar represents the standard deviation over 3 independent measurements. 

*Statistically significant (P < 0.05, 2-tailed Student’s t test) differences in relief period 

of healthy S-SCF with buffer and healthy S-SCF with Chi-C22.4% and patient S-SCF with 

Chi-C22.4% with respect to patient S-SCF with buffer. #Significant differences in relief 

period of healthy S-SCF with Chi-C22.4% and patient S-SCF with Chi-C22.4% with respect to 

healthy S-SCF with buffer. Chi-C, chitosan-catechol. 

3.5. Chi-C is antimicrobial, and treated S-SCF decreases dental erosion and 

remains biocompatible  

Here the dental erosion resistance ability of S-SCFs modified with Chi-C as 

shown in Figure 4. The erosion depth of enamel with buffer treated (control) S-

SCF was about 125±24 um, which decreased to 83±19 um with Chi-C7.6% 

treatment, 76±11um with Chi-C14.5% and 70±15 um with Chi-C22.4% treatment. 

Even if there is no significant difference in erosion depths for different 

conjugation densities of Chi-C, Chi-C22.4% treatment S-SCF caused a significant 

drop by 44% in the erosion depth as compared to buffer treatment. The 

erosion prevention could be due to obstruction in citric acid diffusion towards 

the enamel or Ca2+ diffusion outwards. Both these effects are related to the 

compaction of SCF caused by crosslinking (Figure 1) and an increase in the 

thickness of the S-SCF caused by the recruitment of mucin by Chi-C and 

decreasing in the negative charge density within the S-SCF due to the chitosan 

molecule.  

The safety of Chi-C use was tested on L292 and the result is shown in Figure 4c 

and 4d. The overview images on each surface display more cells presented 

over culture time. After 3days of proliferation, the SCF modified with Chi-C22.4% 

even showed a higher metabolic activity, which may be caused by the S-SCF 

surface with certain roughness (Figure 2e) or higher softness (Figure 1f). The 
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cytotoxicity of Chi-C in all conjugation degrees was negligible indicating the 

Chi-C is completely safe for biomedical application.  Catechol conjugation of 

chitosan increased its antimicrobial efficacy on S. mutans UA159, as shown in 

Table S2 and Figure S5. 

 
Figure 4.  Dental erosion prevention and safety of chitosan-catechol (Chi-C). (a) Erosion 

depth under different conditions by optical coherence tomography images. (b) The 

erosion depths were quantified from 3 different samples coated with secondary 

salivary conditioning film (S-SCF) treated with buffer, Chi-C7.6%, Chi-C14.5%, and Chi-C22.4%, 

respectively. (c) Chi-C treatment of salivary conditioning film (SCF) caused higher L929 

proliferation. Fluorescent images of L929 cells were stained with DAPI at days 1, 3, and 

7. (d) Cell metabolic activity measured by XTT. Statistical differences are marked by *P 

< 0.05. 

4. Discussion 

An urgent need exists to develop a new strategy to restore oral lubrication for 

xerostomia patients. Most of the current artificial saliva focuses on optimizing 

the viscosity although it has been shown that there is only little correlation 

between viscosity and ability to lubricate the oral cavity8,29. Unlike the existing 

1d

7d

3d

SCF with Buffer SCF with Chi-C7.6%

SCF with Chi-C14.5% SCF with Chi-C22.4%

(c)

(b)(a)

(d)

C
h

a
p

te
r 3

 



Chapter 3 

60 

 

saliva substitutes which overwhelm the oral cavity with exogenous molecules, 

we propose to work along with the highly evolved natural salivary lubrication 

system howsoever aberrant due to disease. Chi-C demonstrates the ability to 

stabilize SCF by the formation of a layered structure with a rigid lower-layer 

due to physical and chemical attraction and followed by formation of the very 

soft top layer (S-SCF) in Figure 1. The ratio between dissipation and frequency 

shift (∆D3/∆f3), was larger than 10-6 indicating a hydrated, soft SCF formed on 

the QCM-D crystal, which is consistent with the findings of Deepak et al. 20. The 

∆D3/∆f3 for Chi-C treated S-SCF increased irrespective of the conjugation 

degree while no obvious changes found with buffer treatment. Chi-C7.6% with a 

low conjugation degree performed less efficiently in salivary protein 

recruitment indicating that electrostatic attraction does not play a major role 

in salivary protein recruitment when Chi-C was involved. Similar phenomenon 

was found by 12 where higher conjugation degrees of Chi-C resulted in an 

effective association of Chi-C to glycoprotein. The soft top layer is composed of 

mucins recruited from the saliva, as shown by the increase in glycosylation 

(Figure 2b) and layer softness (Figure 1f). This hierarchical structure of S-SCF 

decreased the friction when measured on a nano-scale in Figure 2. However, 

on macro-scale (ex-vivo) with real tissue and Sjögren’s patient saliva, no 

decrease in friction was observed (Relief, Figure 3e) but this nanocomposite 

structured S-SCF generated a longer Relief Period (Figure. 3f). Often it is 

difficult to bridge the gap between macro and micro/nano scale friction 30–32. 

The sliding speeds, applied loads and sliding surfaces during the measurements 

on colloidal probe AFM and tongue-enamel are different yielding different 

results. The significantly lower relief period was observed for PS compare to HS 

after treated with Chi-C22.4% because PS contained either modified or reduced 

glycosylated mucin molecules 25–27 compared to HS, which was confirmed in 

Figure S4 showing less glycol-group in four PS than in HS using ATR-FTIR, which 

is widely used to analyze the glycoprotein and glycol group 28. The lubrication 

property of saliva in terms of Relief Period demonstrated that Chi-C is able to 

stabilize the SCF and restore the lubrication at macroscale even with saliva 

from patients suffering from Sjögren’s syndrome.  
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Based on the result from the tongue-enamel friction system, where the total 

amount of fluid is the same but the Relief Period is different, suggests that the 

surface-bound molecules take precedence in lubrication i.e. attracting mucin 

on SCF yield a long-lasting relief period. Treatment with Chi-C gives rise to a 

softer (Figure 1f) and thicker (Figure 1e) top layer which can hold the water for 

a longer period hence the long Relief Period. Similar mechanism was found by 

Singh et al.33 where hyaluronan binding peptides were able to restore the 

lubrication of degraded cartilage. Besides lubrication, The presence of SCFs is 

essential to reduce dental erosion34,35. Thus the resistance of dental erosion by 

the robust S-SCFs enabled by Chi-C also detected in this study. Bovine enamel 

was chosen here because of the high homology of incisors samples between 

bovine and human 36. Our results (Figure 4) show the layered S-SCFs formed 

due to Chi-C treatment decreases dental erosion. Yet another problem of 

xerostomia patients is the high risk on developing oral infections. Chitosan is 

known for its broad-spectrum antibiotic activity, however, this activity is 

limited due to its low solubility at neutral pH. Conjugation with catechol 

enhances chitosan solubility 13 and causes a fourfold reduction in its MIC for S. 

epidermidis 37. We tested the antibacterial activity of Chi-C on the more 

relevant S. mutans UA159. Both MIC (0.5mg/ml) and MBC (1mg/ml) for S. 

mutans are reduced with Chi-C compared to the Chi with a higher MIC 

(1mg/ml) and MBC (2mg/ml) (Table S2, Figure S5). The promising ex vivo 

results obtained for the use of Chi-C indicate that the molecules is a strong 

candidate for human trials. 

In summary, the strategy to work together with the, although impaired but an, 

highly evolved natural lubrication system is promising. A simple mucoadhesive, 

Chi-C, can bind to the SCF and recruit mucins from the saliva by both 

physisorption and chemisorption to form a nanocomposite S-SCF (rigid bottom 

and soft top) to enhance oral lubrication. These structural and compositional 

adjustments in the S-SCF extend the Relief period at macroscale with saliva 

from Sjögren’s syndrome patients and decreases dental erosion. Thus Chi-C22.4% 
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is a strong candidate molecule as an additive to future artificial saliva 

formulations.  
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Supporting information 

Materials and Methods 

Chi-C synthesis and characterization. Catechol was conjugated to the amine 

moieties of chitosan by active agent EDC N-(3-dimethylaminopropyl-N-

ethylcarbodiimide hydrochloride 13,38,39. Briefly, Chitosan (50-190 kDa, 3.25 

mmol, Sigma Aldrich, CAS no. 9012-76-4) and hydrocaffeic acid (HCA, 3.25, 

6.49, or 9.75 mmol, Sigma Aldrich, CAS no.1078-61-1) were dissolved in PBS 

(50mL pH=5). EDC (3.25, 6.49 or 9.75 mmol, Sigma Aldrich, CAS no. 25952-53-8) 

and N-hydroxysuccinimide (NHS, 3.25, 6.49 or 9.75 mmol, Sigma Aldrich, CAS 

no. 6066-82-6),were then added to the mixture and stirred at room 

temperature for 12 hours. After extensively dialyzed (Mw cutoff: 3500, USA), 

the product was lyophilized and determined by 1H-NMR (Bruker Avance, 

400MHz, D2O). The degree of catechol substitution determined by Uv-Vis 

spectrum at 280 nm with the standard hydrocaffeic acid curve with different 

concentrations ranging from 0.1mM to 0.9 mM in PBS by linear fitting. After 

obtaining the absorbance of 1 mg/ml Chi-C at 280nm the conjugate degree can 

be calculated. 

Saliva collection and preparation. A standard protocol was followed to collect 

and prepare stimulated (SWS) and reconstituted (RWS) whole saliva as 

described below. SWS from 4 healthy volunteers as well as 4 patients with 

primary Sjögren’s syndrome was collected. The patients with Sjögren’s 

syndrome fulfilled the 2016 ACR-EULAR classification criteria for Sjögren’s 

syndrome. Participants by chewing on parafilm to generate saliva for 15 

minutes. Every minute participants were instructed to expectorate saliva in ice 

cooled flasks. After SWS collection, the SWS was pooled and clarified by 

centrifugation at 10000 rpm at 10°C for 5 minutes. The protease inhibitor 

phenylmethylsulfonyl fluoride was added to stabilize the SWS at final 

concentration of 1 mM. Stimulated whole saliva was collected from 4 healthy 

volunteers with flow rate of 3.36, 1.76, 1.04, 1.02 ml/min. Stimulated whole 

saliva was also collected from 4 patients treated at the Maxillofacial surgery 

department of the University medical Center Groningen (UMCG) with reduced 

salivary flow rates of 0.48, 0.72, 0.45, 0.98ml/min40,41, respectively. 
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X-ray photoelectron spectroscopy.The elemental composition of the S-SCF 

surface was acquired from the X-ray photoelectron spectroscopy (XPS, S-Probe, 

surface science instruments, mountain view, CA, USA). Both low resolution for 

broad scans and high resolution for C1s and O1s peaks were made, where O1s 

peak can be split into two components, the fraction of  O1s peak at 532.7eV (% 

O532.7) from carboxyl groups was used to calculate the amount of oxygen-

related in glycoprotein i.e. mucin amount (%Oglyco)20. 

%Oglyco=%O532.7 * %Ototal                                  (1) 

Where %O total is the total percentage of oxygen. 

Colloidal probe atomic force microscopy.Friction force and surface topography 

of bare and S-SCF coated QCM crystal were measured using the colloidal probe 

AFM24 (Nanoscope IV Dimension tm 3100) equipped with a Dimension Hybrid 

XYZ SPM scanner head (Veeco, New York, USA). Rectangular, tipless cantilevers 

(length 300±5um, width 35±3um) were glued with a silica-particle (Bangs 

laboratories, Fishers, IN, USA) of 21.83 µm in diameter and calibrated for their 

torsional and normal stiffness by AFM Tune IT v2.5 software42,43. The deflection 

sensitivity (α) of the colloidal probe was recorded at constant compliance with 

bare crystal in buffer to calculate the normal force (Fn) applied using 

Fn=∆Vn ∗ α ∗ Kn                                               (2) 

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

deflection of the colloidal probe. The torsional stiffness and geometrical 

parameters of the probe were used to calculate the friction force ( Ff )44 

according to 

Ff=(∆VL * Kt) / 2δ * (d + t/2)                         (3) 

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 area of 30 × 30 µm2 and 

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

and unloaded up to a normal force (Fn) of 40 nN. At each normal force, friction 

loops were recorded to yield the average friction force, Ff.  

Dental erosion and biocompatibility. Dental erosion was tested using an 

established protocol 21,22 . In short, bovine incisors (8 × 6 mm) polished flat 
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(1200 grit grinding paper) and cleaned with deionized water, were partly 

covered with PVC tape exposing an area of approximately 5 × 3 mm in the 

center of the enamel. S-SCF with or without 0.5 mg/ml Chi-C treatment coated 

to the enamel surface (the same procedure as QCMD experiments), finally 

exposed to 50 mM citric acid in PBS for 30 min. The erosion depth then 

analyzed by optical coherence tomography (OCT Ganymade, Thorlabs Inc., 

Munich, Germany). For biocompatibility, a mouse fibroblastic cell line (L929) 

was acquired to co-cultured with S-SCF with Chi-C treatment and cell 

proliferation and metabolic activity measured by XTT23. Briefly, different S-SCF 

with or without Chi-C treatment were coated on the circular glass slide (15mm 

 ) surface that fit for the 24 cell culture plate.  L929 with a concentration of 

5×103 cells/well in a medium of high glucose DMEM (Gibco), 10% FBS (Gibco), 

and 1% penicillin−streptomycin (Sigma) were seeded on the surface for 1d, 3d 

and 7d culture. At each cultured period, XTT for metabolic activity by 

microplate reader recording absorbance at 485 and 690nm and DAPI staining 

for nuclear visualization by confocal laser scanning microscopy (CLSM) were 

measured. 

Evaluation of the antimicrobial activity of Chi-C. The antibacterial activity of 

Chi-C was assessed against S. mutans (UA159). S. mutans were grown on brain 

heart infusion (BHI) agar plates at 37 °C for 24 h. Next an overnight culture (BHI) 

prepared from a single colony was diluted 1:20 in 100ml BHI and incubated at 

37 °C for 16 h. Bacteria were harvested by centrifugation at 5000g after 

washed twice in PBS ( 2.5 mM K2HPO4, 2.5 mM KH2PO4) supplemented with 3% 

v/v BHI to maintain bacterial viability in suspension. Then  suspension was 

sonicated (3 × 10 s, 30 W) in an ice-water bath (Vibra Cell Model 375,Sonics 

and Materials Inc., Danbury, CT, USA). The bacterial concentration was 

calculated by a Bürker-Türk counting chamber .Minimal inhibitory and minimal 

bactericidal concentrations. Bacterial cultures (106 mL−1 in BHI) were dispensed 

into each well of a 96-well microtiter plate with different  Chi-C and Chi 

concentrations, with a step factor dilution of 2 starting from 4mg mL−1, and 

incubated at 37 °C for 24 h. Following incubation, the minimal inhibitory 

concentration (MIC) was taken as the lowest antibiotic concentration that did 

not create visible turbidity. Then, 10 μL of bacterial suspensions of each well 
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showing no turbidity were plated on BHI agar plates and incubated at 37 °C for 

24 h. The minimal bactericidal concentration (MBC) was taken as the lowest 

concentration at which no colonies were visible on the plate. The experiment 

was performed in triplicate with different bacterial cultures 

Time-kill kinetics. S.mutans (UA159) cultures (1× 106 mL−1 in phosphate buffer 

supplemented with BHI ) were diluted 1 : 10 in Chi-C and control Chi solutions 

in phosphate buffer. After 0, 1, and 2 h, suspensions were serially diluted in 

PBS (10 mM potassium phosphate) and 100 μL aliquots were plated on BHI 

agar plates and incubated for 24 h at 37 °C. The number of colonies formed on 

the plate was then manually counted. 

Results 

Preparation and characterization of Chi-C 

Figure S1 shows the synthesis and characterization of three conjugates of Chi-C 

with three equivalent proportions (1:1, 1:2, 1:3) between chitosan and 

hydrocaffeic acid (figure S1a). The conjugate were analyzed by H-NMR spectra 

and UV-Vis spectrometry as shown in Figure S1b-c. The NMR spectra in Figure 

1b, where multiplets observed between δ = 6.5 ppm and δ = 7.0 ppm are 

associated with protons of the catechol12,13; the region around 2ppm 

corresponds to protons from acetyl, demonstrating the Chi-C conjugation was 

successful. The adsorption band at 280 nm of Uv-Vis spectrum in Figure S1c, 

the characteristic band of the aromatic ring, confirms the conjugation 

successful. The conjugation degree was calculated using the standard curve of 

hydrocaffeic acid in Figure S2. After obtaining the absorbance of 1 mg/ml Chi-C 

at 280nm in FigureS1c the conjugate degree was calculated as 7.6% (Chi-C7.6%), 

14.5% (Chi-C14.5%) and 22.4% (Chi-C22.4%). These conjugations degrees cover the 

whole range which is commonly used in literature 12,39, thus we used them to 

investigate their benefits on lubrication and dental erosion.  
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Figure S1. Chi-C synthesis and characterization. (a) is the synthesis route and the final 

structure of Chi-C. (b) and (c) are
1
 H-NMR spectra and Uv-vis spectra of Chi-C 

respectively. 

 
Figure S2. Uv-Vis spectra of hydrocaffeic acid solution at A280 with different 

concentration from 0.1mM to 0.9mM and the standard curve was calculated by linear 

fitting. Once we get the absorbance of 1 mg/ml Chi-C at 280nm the conjugate degree 

can be calculated.  

(c)(b)

(a)
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Figure S3 XPS analysis elemental composition of S-SCF treated with (a) buffer; (b) Chi-

C7.6%; (c) Chi-C14.5% and (d) Chi-C22.4% and the decomposition of C1S and O1S. C1s spectra 

of each surface could be deconvoluted into four different curves: C−(C,H), C−N/C−O, 

O−C−O, O−C=O and their percentages for S-SCF with PBS or S-SCF with various kind of 

Chi-C is different, suggesting different protein were detected from surface. As for the 

O1s spectra, the relative contents of glycoprotein
20

 could be calculated by integral of 

O1s at 532.7ev.  

 
FigureS4. Typical FTIR adsorption bands for four patient saliva and healthy saliva 

measured in ATR-FTIR. 20 ul of each saliva (healthy saliva and patient saliva) was 

measured on a ATR-FTIR (Cary 600 series FTIR spectrometer, Agilent Technologies, 

Santa Clara, USA). Clearly visible glycol group peaks is from 950 to 1200cm
-1

 and the 

absorbance band from 1600 and 1700cm
-1

 related to the amide I peaks indicative of 

proteins. Water peaks belongs to area between 2500
-1

cm and 4000cm
-1

. The higher 

C1s

O1s

S-SCF with PBS S-SCF with Chi-C7.6% S-SCF with Chi-C14.5% S-SCF with Chi-C22.4%(a) (d)(c)(b)
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absorbance and peak area of glycol group from all four healthy saliva were observed 

(zoomed in with the insertion ) compared to the patient saliva, indicating less 

glycosylation of mucin in patient salvia. 

 

Figure S5. Efficacy of Chi-C kill S. mutans. Table 1 the MIC and MBC of Chitosan and 

Chi-C with various conjugate degree. 

Table S1 Elemental composition of S-SCF treated with buffer, Chi-C7.6%, Chi-C14.5%, and 

Chi-C22.4%. ± indicates standard deviation over three measurements. 

% SCF with buffer 
SCF with 

Chi-C
7.6%

 

SCF with 

Chi-C
14.5%

 

SCF with 

Chi-C
22.4%

 

C 51.9±1.65 56.63±2.4 56.68±1.35 54.8±3.5 

N 8.33±0.39 9.2±1.5 9.45±0.5 9.3±1.7 

O 
O

total
 14.61±0.94 15.4±3.7 18.25±0.64 19.9±2.1 

%O
532.7

*O
total

 5.39±2.25 7.04±2.6 9.35±1.3 9.88±1.6 

K 8.72±3.8 7.01±2.8 5±0.56 8.5±1.4 

Cl 7.87±3.7 6.08±1.49 5±0.99 7.8±0.35 

P 8.95±0.92 4.64±0.19 5.2±1.37 3.45±1.2 

Na 2.29±1.01 3.2±0.85 2.1±0.28 1.8±0.7 
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Table S2. MIC and MBC of  Chi-C for oral bacterial S. mutans(UA159) 

 
MIC (mg/ml) MBC (mg/ml) 

Chitosan 1 2 

Chi-C7.6% 0.5 1 

Chi-C14.5% 0.5 1 

Chi-C22.4% 0.5 1 
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degraded cartilage through reestablishment of lamina 
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Abstract 

Adsorbed lubricious films composed of biomacromolecules are natively 

present at all articulating interfaces in the human body where they provide 

ultralow friction and maintain normal physiological function. Biolubrication 

gets impaired due to diseases such as osteoarthritis, in which cartilage damage 

results from alterations in synovial fluid and lamina splendens composition. 

Osteoarthritis is treated with hyaluronic acid (HA) orally or via intra-articular 

injection, but due to the poor adsorption of HA on the cartilage surface in the 

absence of adhesive molecules, pain relief is temporary. Here, we describe 

how natural lubrication on degraded cartilage surface can be restored with the 

help of a bioinspired mucoadhesive biopolymer chitosan catechol (Chi-C). 

Quartz crystal microbalance was used to mimic the formation of lamina 

splendens in vitro, known as synovial fluid conditioning films (SyCF), and 

atomic force microscopy was used to measure their nanoscale frictional 

properties. Clear evidence of glycoprotein (PRG4) recruitment by Chi-C 

increased the softness of SyCF, which also improved nanoscale lubrication in 

vitro, decreasing the friction coefficient from 0.06 to 0.03. At the macroscale, 

cartilage damage induced by Chondroitinase ABC increased the coefficient of 

friction (COF) from 0.07 ± 0.04 (healthy tissue) to 0.15 ± 0.03 (after tissue 

damage) in the presence of synovial fluid after sliding for 50 minutes. After 

Chi-C treatment of damaged cartilage, the COF fell to 0.06 ± 0.03, which is 

comparable to healthy cartilage. Chi-C did not adversely affect the metabolic 

activity of human chondrocytes. This study provides new key insight into the 

potential for restoring biolubrication through the use of muco-adhesive 

molecules. 

Keywords: cartilage lubrication; chitosan; catechol; lamina splendens; 

biolubrication
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1.Introduction 

Lubrication mediated by adsorbed biomacromolecules (proteins, glycoproteins 

and polysaccharides) is vital for the active function of tissues and implants, 

especially at sliding interfaces, like tongue-enamel 1, tongue-mucosa, cornea-

eye lid 2, cartilage-cartilage or cartilage-meniscus 3 interfaces. These 

biomacromolecules are secreted by exocrine glands such as the lacrimal and 

salivary glands, or by specialized cells like chondrocytes present in cartilage. 

The secreted biomacromolecules form a lubricious film on articulating surfaces, 

which yields low friction under high stress and efficiently maintains 

physiological function. In the articular joints, for instance, the dynamic friction 

coefficient of hyaline cartilage lubricated with synovial fluid (SF) is extremely 

low (µ~0.005) 3. The exact mechanism underlying joint and cartilage lubrication 

is still subject to debate. Lamina splendens which is an acellular and non-

fibrous layer 4 adsorbed on parallelly-oriented collagen fibrils at the surface of 

the cartilage is held responsible for this super lubricity (µ~0.005) 3. Lamina 

splendens 5 is composed of hyaluronan (HA), lubricin also called proteoglycan 4 

(PRG4), surface active phospholipids and other proteins, which work 

synergistically yielding high lubrication 6,7. 

Old age, injury or diseases like arthritis cause alterations in the composition of 

SF and lamina splendens, leading to lubrication dysfunction. Alterations in the 

synovial fluid (SF) composition due to the decreased molecular weight of HA 

caused by enzymatic cleavage 8 is associated with an aberrance in the 

adsorbed film, resulting in decreased viscosity and lubrication. To restore the 

viscosity, HA is administered orally or through viscosupplementation, in which 

a highly viscous solution of HA is injected in the synovial cavity for pain relief. 

Exogenous HA has been shown to have lubrication, anti-inflammatory and 

chondroprotective functions 9, but in the clinical setting multiple injections are 

necessary, and the pain relief is temporary 10,11 due to the poor adhesion and 

clearance of exogeneous HA from the joint cavity 12. Specific HA binding 

peptide 13 has been used to increase adsorption of HA on the cartilage surface, 

which yielded better lubrication. Exogeneous lubricating molecules e.g. tissue-

reactive polyoxazoline graft-copolymers 14 or biomimetic diblock copolymer 15 

have also shown to restore cartilage lubrication. But in an actual damaged joint 
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cavity with limited SF, PRG4 is are still endogenously available in abundance. 

This component have excellent boundary lubricating properties 16 and could 

potentially be utilized as part of treatment instead of being disregarded.  

Intrigued by studies showing that cationic polyelectrolytes, especially the 

mussel-inspired biopolymer 17, can improve the mechanical strength of 

polysaccharide multilayers, we tested their ability to act as an additive during 

viscosupplementation to improve cartilage lubrication by enhancing the lamina 

splendens. To investigate its potential to restore cartilage lubrication, in the 

present study we chose chitosan-catechol (Chi-C), a bioinspired, biocompatible 

and inexpensive molecule with long-lasting mucoadhesive properties 18. 

Chitosan is characterized by its mucoadhesive properties with strong 

electrostatic interaction and its large amount of hydrogen bonding. In 

particular, modification of chitosan with catechol makes it water-soluble at 

neutral pH 18, and its oxidized derivative can bioconjugate with amines and 

cysteine residues of protein or glycoprotein through the Michael addition or 

Schiff bases formation 19. Degraded cartilage remains predominantly negatively 

charged, and collagen fibrils, containing amine and carboxyl groups, would be 

exposed.   

We hypothesize that Chi-C binds to and absorbs on the exposed collagen fibrils 

of degraded cartilage and other proteinaceous constituents of the lamina 

splendens. Sessile Chi-C then attracts and recruits lubricin (PRG4) from the SF 

and reestablishes and strengthens the lamina splendens. We tested the above 

hypothesis using Chi-C with a conjugation degree of 12.7%. The kinetics of the 

formation of lamina splendens in vitro hereinafter called the synovial fluid 

conditioning films (SyCF), and its modification with Chi-C was monitored using 

a quartz crystal microbalance with dissipation QCM-D. Alteration in SyCF 

composition was monitored using X-ray photoelectron spectroscopy (XPS) and 

fluorescent Concanavalin A (ConA) staining. The lubrication properties at 

nanoscale were measured by colloidal probe AFM. To demonstrate whether 

this concept works at the macro-scale, an ex vivo friction system was used, 

which was based on enzymatically (Chondroitinase ABC) degraded cartilage. 

Finally, the safety of Chi-C use was demonstrated through the proliferation and 

metabolic activity of chondrocytes. 
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2. Materials and methods 

2.1. Synthesis of chitosan-catechol (Chi-C) 

Chi-C was synthesized through the EDC reaction between the carboxyl group 

from hydrocaffeic acid and the amine group from chitosan 20 at pH 5 (Figure 

S1). The success of conjugation was proven using 1H-NMR and conjugation 

degree was assessed using Uv-Vis spectrophotometer. The method in detail is 

described in the supplementary information. 

2.2. 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  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 21. 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 22, extensively washed with PBS  and mounted 

to the top component on the load cell of the UMT.  

2.3. Quartz crystal microbalance with dissipation (QCM-D) to monitor the 

role of Chi-C in modifying the synovial fluid condition films  

QCM-D device model Q-sense E4 (Q-sense, Gothenburg, Sweden) was used to 

study the formation of synovial fluid condition film (SyCF) and its interaction 

between Chi-C. The gold-coated, AT-cut quartz crystals, with a sensitivity of 

17.7 ng cm-2 for a 5 MHz sensor crystal, were used as substrates. At the start of 

an experiment, the crystal was cleaned by UV/ozone treatment for 10 min and 

then washed by a mixture solution of ultrapure-water, ammonium hydroxide, 
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and H2O2 (v:v:v 3:1:1) at 75°C for 10 min, followed by another 10 min of 

washing with ultrapure-water and finally dried by N2 and another 10 min of 

UV/ozone treatment. The crystals were mounted on the crystal holders and 

placed in the E4 unit of the QCM-D. The crystals were excited in air at 5 MHz 

and to their 13th overtone to check for any mounting errors. The chamber 

above the QCM crystal was then perfused with 10 mM PBS using a peristaltic 

pump (Ismatec SA, Switzerland) until the stable baselines of frequency and 

dissipation were achieved. In order to mimic the in vivo situation, the synovial 

fluid was perfused with a flow rate of 50µl/min, corresponding with a shear 

rate of 3 s−1, at 25°C for 30 min to form the synovial fluid conditioning film 

(SyCF) on top of the QCM-D crystal. Then the chamber was sequentially 

perfused with 0.05% w/v solution of Chi-C in PBS for 10 min and followed by 

another 30 min of synovial fluid flow to form a layer-by-layer secondary SyCF 

(S-SyCF). Between each step, the chamber was perfused with buffer for 10min 

to remove unattached or loosely adhering molecules from the tubing, chamber 

and the crystal surface. Frequency (f) and dissipation (D) shifts were 

measured in real-time during perfusion to monitor the kinetics, where the 

D/f ratio was the indicator of the layer softness. After experiments, crystals 

were carefully removed from the QCM-D and immediately used for further 

experiments while keeping them hydrated the whole time. To get the negative 

control of S-SyCF the intermediate exposure of Chi-C was replaced with just a 

buffer rinse. 

2.4. Surface composition analysis by X-ray photoelectron spectroscopy 

(XPS)23   

The elemental composition of the layer surface was detected by XPS (S-Probe, 

surface science instruments, Mountain View, CA, USA); XPS can only detect the 

elemental composition of a sample from the top 10 nm thick surface. First, S-

SyCF adsorbed on Au-coated crystal was air- dried and then moved to XPS pre-

vacuum chamber with a pressure of 10-7 Pa.  X-rays (10KV, 22mA) with a spot 

size of 250×1000 um, were produced using an aluminum anode. Binding 

energy spectra with a range of 1-1100 eV were made at low resolution and 

corrected with sensitivity factors provided by the manufacturer. The area 

under each peak yielded elemental surface concentrations in percent. The 
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fraction of O1S peak at 532.7eV (% O532.7) from carboxyl groups 24 was used to 

calculate the amount of oxygen present in the glycosylated moieties, i.e. PRG4 

amount (%Oglyco). 

%Oglyco = %O532.7 * %Ototal                                   (3) 

Where %O total  is the total percentage of oxygen.  

2.5. Glycoprotein visualization using Concanavalin A (ConA) stain 

ConA is widely used to stain the glycoproteins and mucins 25. After the QCM-D 

experiment, the crystal was removed and fixed with 4% paraformaldehyde 

(Sigma, CAS no.30525-89-4) at room temperature for 30 min. After washing 

with PBS 3 times (15 min), Alexa Fluor™ 488 Conjugate of Concanavalin A  

(ThermoFisher, Catalog no. C11252) with a concentration of 1µg/ml in PBS was 

added on top of the crystal surface and incubated at room temperature for 45 

min. The crystal surface was rinsed  3 times  by dipping in PBS for 5 minutes 

each time, and then fluorescent images were made using a confocal 

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 during 

staining and before microscopic examination. The green fluorescent intensity 

from each fluorescent micrograph was calculated using Image J software 26. 

2.6. Colloidal probe atomic force microscopy for studying lubrication at the 

nanoscale 24  

The lubrication properties and the surface topography of S-SyCF were 

evaluated using the atomic force microscopy (Nanoscope IV Dimensiontm 3100, 

USA). Friction force was measured using a colloid probe equipped with a 

Dimension Hybrid XYZ SPM scanner head (Veeco, New York, USA) on the S-

SyCF, with and without Chi-C treatment. Detailed protocol is presented in the 

supplementary information.  

2.7. Cartilage degradation and lubrication properties in an ex-vivo cartilage-

cartilage friction system 

Freshly obtained pieces of cartilage were immersed in one unit of 

chondroitinase ABC (ChABC)  pre-dissolved in 0.01% bovine serum albumin 

solution in PBS (BSA/PBS) at 37°C for 1 h 14.  Control samples were immersed in 

0.01% BSA/PBS for the same period time and temperature. Both the healthy 
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cartilage and degraded cartilage were analyzed by histology as follows. Pieces 

of cartilage (5 × 5 × 4 mm3) were decalcified with 10% EDTA (Sigma ED2SS, CAS 

6381-92-6) solution for 6 weeks and every 3 days the solution was changed. 

After decalcification, the pieces of cartilage were washed 3 times with PBS (30 

min per wash) and with demi water for 10 min. The cartilage was then 

dehydrated with 50% alcohol (1× 60 min), 70% alcohol (1×60 min), 96% alcohol 

(1×60 min), 100% alcohol (3×60 min) followed with xylene (3× 60 min) and 

finally embedded in paraffin. Cartilage sections were cut into 5 µm thickness 

by a cryostat (Cryostar NX70, Thermo Scientific) and stained by w/v 0.5% Fast 

Green for 5 min followed with 1% acetic acid dip, another 5min Safranine-O 

(0.1%)  staining, were then visualized under the microscope. The collagen 

networks were stained with the picrosirius red 27 (Direct Red 80, 0.1% solution 

in picric acid) for 60 min and visualized under the microscope.  The healthy or 

degraded cartilage extracted from bovine knees with 5 mm bone thickness and 

a surface area of 40mm×25mm were mounted to the bottom component of a 

UMT (UMT-3, CETR Inc., USA).  

Cartilage pairs 22 of healthy and degraded cartilage were mounted to the UMT3 

as shown in Figure 4. The plug-tibial plateau interface was submerged in 500µl 

bovine synovial fluid (SF) to make sure that the surfaces were covered with 

fluid, thus mimicking the physiological situation during reciprocation sliding. 

Several plug-tibial plateau pairs of degraded cartilage were pre-incubated in 

Chi-C (0.5mg/ml in PBS) for 10 min before being submerged in SF. A  force of 

4N 22 was applied during reciprocation sliding at a sliding velocity of 4 mm/s 

and sliding distance of 10 mm per cycle for 50 minutes. All cartilage friction 

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

in the knee joint. 

2.8. Evaluation of cell behavior 

Cell response to Chi-C treated S-SyCF was tested using an XTT assay 

(Applichem A8088) on chondrocytes derived from human cartilage 28 using a 

protocol described in detail in the supplementary information.  
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2.9. Statistical analysis. All data are expressed as means ± SD. Differences 

between groups determined with a two-tailed Student’s t-test, with 

significance set at p < 0.05. 

3. Results and Discussion 

3.1. Synthesis and characterization of chitosan catechol (Chi-C) polymer 

In the present study, we chose 12.7% catechol conjugation for the used Chi-C 

as a proof of principle. Detailed characterization of the Chi-C using 1H-NMR 

and UV-Vis spectroscopy are available in the supplementary information. The 

zeta potential of Chi-C measured at a concentration of 0.5mg/ml in PBS is 

7.65±1.5 mV, taking a small positive charge as showing in Figure S2. 

3.2. Effect of Chi-C on the softness and composition of synovial fluid 

conditioning films 

3.2.1 Kinetics of synovial fluid conditioning film (SyCF) formation and Chi-C 

adsorption 

Lamina splendens is composed of various biomacromolecules such as HA, 

PRG4 and lipids, which coat the cartilage surface and remain in equilibrium 

with the synovial fluid. Any removal or degradation would be replenished by 

the synovial fluid (SF). This layer was mimicked in vitro by allowing adsorption 

of SF macromolecules onto the Au coated QCM crystal. The substrate 

properties i.e. hydrophilicity and charge is shown to affect the adsorption and 

lubrication behavior of lubricin 29. Thus we have chosen Au 30, which is 

hydrophilic with negative charge and would mimic the cartilage with collagen 

type II interlaced with aggrecan molecules. Adsorption from the SF gave rise to 

a synovial fluid condition film (SyCF) with a frequency shift for the third 

overtone (∆f3) of -70±5 Hz and a dissipation (∆D3) change of 10-5, indicating a 

large amount of protein adsorption on the top of QCM crystal surface (Figure 

1). The -∆D3/∆f3 ratio of larger than 10-6 indicates the formation of a very soft 

and hydrated SyCF 24,31. Exposure of SyCF to Chi-C (0.5mg/ml) gave rise to a 

very large frequency and dissipation shifts (Figure 1b,c), which did not occur 

when the SyCF was exposed to PBS alone (Figure 1a,c), thus indicating a high 

affinity between Chi-C and SyCF. Although slightly decreased in structural 

softness of SyCF (-∆D3/∆f3) after Chi-C treatment due to the electrostatic force 
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or covalent binding no significant difference was observed compared to SyCF 

exposure to PBS (Figure 1d). 

 
Figure 1. Quartz crystal microbalance with dissipation curves showing the kinetics of 

SyCF formation with or without (PBS) exposure to Chi-C and reflow of synovial fluid, 

which causes formation of a top layer (S-SyCF) with high structural softness. Frequency 

and dissipation shifts for the SyCF, (a) buffer or (b) Chi-C12.7%  treatment and reflow of 

SF for the formation of S-SyCF. (c) Frequency shift before and renewed exposure to SF 

with treatment of PBS and Chi-C. (d) Structural softness of the SyCF with prior 

exposure to PBS or Chi-C and after renewed exposure to SF.  Error bars represent the 

standard deviation over three independent measurements.
*
Statistically significant 

(p<0.05) (two tailed Student t-test) differences in softness and frequency compared to 

control film.  

The renewed flow of SF gave rise to further shifts (Figure 1b,d) on Chi-C 

exposed to SyCF, where an even higher -∆D3/∆f3 was observed. This indicates a 

further increase in softness of the S-SyCF. This can happen if Chi-C that is 

bound to the SyCF recruits additional large and hydrated molecules from the 

SF on the surface, leading to an increase in softness. On the PBS exposed SyCF, 

no obvious changes (Figure 1a) were observed in frequency or dissipation. No 

significant difference was observed in structural softness of SyCF after Chi-C 

and PBS treatment, which could be due to the low positive charge of Chi-C 

(7.65±1.5 mV) that could cause its adsorption on SyCF but insufficient to 
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change the structural softness. This observation is opposite to the 

supercharged proteins 24 which caused rigidification of salivary condition films 

upon interaction. Chi-C can still recruit macromolecules from SF and finally 

yield a much softer S-SyCF. 

In SF, large amounts of molecules such as PRG4, HA, lipids and proteins have a 

negative charge in the physiological environment 32,33 and adsorb on the 

surface to give rise to the SyCF. Chi-C has a positive charge and can 

electrostatically interact with the SyCF. Moreover, SyCF is full of amine 

residues, which readily combine with catechol-oxidized derivative via Michael 

addition or Schiff bases formation in the physiological environment 34. Chi-C 

adsorption on the SyCF could therefore be caused by electrostatic interactions 

as well as chemical consolidation between Chi-C and the synovial fluid 

molecules. Similar electrostatic and chemical bonding is expected to take place 

between the sessile Chi-C and SF molecules upon reflow of SF to form the S-

SyCF. We therefore postulate that Chi-C strongly adsorbs on the SyCF and then 

recruits large highly hydrated negatively charged molecules like HA, albumin 

and glycoprotein (shown by the increased softness) from the SF.   

3.2.2. Change in surface composition of S-SyCF due to exposure to Chi-C 

S-SyCF surface composition was determined using high-resolution X-ray 

photoelectron spectroscopy. Full peak description is presented in Table S1, 

which shows that the relative content of C, O and N changes upon exposure to 

Chi-C. The C1s peak of each surface could be deconvoluted into three different 

peaks: C−(C,H), C−N/C−O, and C=O/O-C-O; their percentages for S-SyCF with 

PBS and Chi-C exposure is different, as shown in Figure 2a and Table 1, 

suggesting different protein content on these surfaces. For S-SyCF with Chi-C, 

the relative content of C-C binding (Table 1) and P (Table S1) were slightly 

increased, which may be attributed to the lipid adsorption whose acyl chain 

contain C-C binding and P in the dipolar head groups 35. The O1s peak could be 

deconvoluted into two components: O=C-N and C-O-H, which is considered to 

be the O from the protein and glycol group, respectively. The relative content 

of glycoprotein 24 was calculated with the O1s peak area at 532.7ev (Figure 2b). 

The peak area (532.7ev) for S-SyCF formed with Chi-C exposure was 5.86±0.25, 

which is significantly higher than the value of 4.8±0.3 for S-SyCF formed with 
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PBS exposure. This indicates that Chi-C recruited glycoproteins and lipids from 

the SF on the SyCF surface.  

 
Figure 2. Difference in Surface composition of the S-SyCF formed after intermediate 

exposure to buffer or Chi-C. (a) XPS analysis with decomposed C and O peaks of S-SyCF 

layer with PBS and Chi-C treatment. (b) The degrees of glycosylation (%O glycoprotein) 

of synovial fluid without adsorbed Chi-C and with adsorbed Chi-C were obtained from 

a decomposition of the O1s photoelectron peak in XPS. Error bars represent the 

standard deviations over three independent XPS measurements. (c) ConA staining of 

bare crystal, (d) S-SyCF with buffer and (e) S-SyCF with Chi-C exposure. (f) Statistically 

significant (p < 0.05, two tailed Student t-test) difference between S-SyCF layer with 

PBS and Chi-C. 

ConA-alexa staining of bare crystal did not show any fluorescent emission 

(Figure 2c). Both the surfaces with S-SyCF (Figure 2d,e) showed green 

fluorescence, a stronger green fluorescence was detected for S-SyCF exposed 

to Chi-C (Figure 2e,f) as compared to buffer exposure (Figure 2d,f), indicating 

higher glycoprotein binding on the SyCF exposed to Chi-C. The fluorescence 

results agree with the XPS results.  

Based on the in vitro fluorescence, XPS and the QCM-D results, it is clear that 

Chi-C readily adsorbs to the SyCF. Furthermore, sessile Chi-C recruits 

glycoproteins (PRG4) to give rise to a very soft and hydrated S-SyCF. We 

(c) (d) (e)

S-SyCF-PBS

S-SyCF-Chi-C

(a) (b)

(f)
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therefore expect that Chi-C would adsorb on intact or degraded lamina 

splendens in vivo. Locations on damaged cartilage completely devoid of the 

lamina splendens would expose the collagen type II fibrils containing 141 

negatively charged amino acids 36  and the proteoglycan 37, which is negatively 

charged and abundant in amine groups. Chi-C can also have electrostatic and 

chemical interactions with collagen fibrils. Sessile Chi-C shows a tendency to 

recruit PRG4 and lipid from the SF, which would cause restoration of damaged 

lamina splendens and its reestablishment on exposed collagen fibrils.  

Table 1. Surface chemical bonding of SF with PBS and SF with Chi-C  

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

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

SF with PBS 50.6 30.1 19.3  74.1 25.9  

SF with Chi-C 52.0 27.3 20.7  70.5 29.5  

 

3.3 Nano-scale lubrication properties of S-SyCF 

On the bare sensor surface, the Ff increased linearly with Fn, corresponding to a 

high COF of 0.27 ± 0.04 (Figure 3a). On S-SyCF exposed to buffer, the COF 

decreased to 0.06 ± 0.005, which was attributed to the lubricious 

macromolecules in synovial fluid such as HA, lipids and PRG4 38. When S-SyCF 

was exposed to Chi-C, a further decrease in COF to 0.03 ± 0.006 occurred. This 

extremely low COF can be attributed to its higher structural softness because 

Chi-C recruited larger amounts of glycoproteins (PRG4) from synovial fluid. For 

salivary condition films, previous research showed that increased structural 

softness leads to lower COF at nanoscale 24. Contact of the AFM colloid probe 

with the bare sensor surface showed very little repulsive forces indicating a 

hard material surface. SyCF coated crystal surfaces showed a long-range 

repulsive forces (Figure 3b). When exposed to Chi-C, S-SyCF showed longer 

range repulsive forces as compared to PBS exposed. 

The topography of S-SyCFs was investigated using a sharp tip on AFM, as 

shown in Figure 3c. Bare sensor crystals had a smooth surface, while S-SyCF 

presented uneven, globular structures due to adsorption of synovial lubricant 

with heights of about 22 ± 5 nm. Numerous similar structures were observed 

with a height of 33 ± 8nm for S-SyCF exposed to Chi-C.  
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Figure 3. Morphology, topography and nano-frictional properties of S-SyCF with 

intermediate exposure to either buffer or Chi-C. (a) Friction force as a function of 

normal force during increasing and decreasing normal forces represent the COF of 

each layer calculated by the slope of the linear fitting line. Error bars represent 

standard deviations over 3 friction loop measurements. (b) Example of the repulsive 

force as a function of tip separation distance for bare Au-coated QCM crystals, SF film 

on crystal and SF with Chi-C on crystal.  

The results from QCM-D, XPS, ConA staining and AFM clearly show that Chi-C 

exposure not only stabilizes the SF film through physical and chemical 

interactions, but also enables it to recruit glycoproteins (PRG4) from the 

synovial fluid to create a softer layer, which enhances the boundary lubrication 

measured using AFM. 

3.4. Ex-vivo degraded cartilage friction system to characterize the effect of 

Chi-C treatment on lubrication. 

After Chondroitinase ABC (ChABC) degradation, a substantial reduction of 

GAGs was observed compared to the cartilage without degradation(shown in 

FigureS3). In contrast, the collagen structure remained unmodified, and no 

differences could be detected between the healthy cartilage and degraded 

cartilage. Our findings on ChABC for cartilage degradation are consistent with a 

previous study reporting that ChABC degraded the GAGs rather than collagen 
14.  Comparing these histological data with the reference 14 and the description 

of OA 39, it appears that ChABC treatment mimics the early stage (I or II) of OA. 

We used UMT3 to test the tribological performance of degraded cartilage with 

(a) (b) 

10um

Bare crystal S-SyCF with PBS S-SyCF with Chi-C
(c)
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or without Chi-C treatment. Figure4a shows how the COF changed from the 

first sliding cycle to 50 minutes of sliding. For healthy cartilage (positive control) 

the COF remained stable at around 0.07 ± 0.04 for 50 minutes. For degraded 

cartilage (negative control) the COF gradually increased to 0.15 ± 0.03 during 

50 minutes (Figure 4a), which is significantly higher than healthy cartilage. 

Morgese et al. 14 also reported a similar increase in COF for cartilage degraded 

with ChABC. Without the protection of the superficial layer, and with 

insufficient boundary lubrication, the friction force increased gradually. For 

degraded cartilage that was pre-exposed to Chi-C (0.5mg/ml in PBS) for 10 min, 

the COF remained low (0.06 ± 0.03) for the 50 minutes test cycle. No 

statistically significant difference was found compared to healthy cartilage 

(Figure 4a). The COF at the end of 50 minutes of sliding was significantly lower 

(P<0.05) for Chi-C-treated degraded cartilage than for degraded cartilage 

without Chi-C treatment (both measured in SF). Since cartilage is a kind of 

viscoelastic nonlinear material, the energy dissipation would naturally occur 

during the reciprocating sliding behavior 40, which has been shown to be 

directly correlated with the damage of the soft tissue. The energy dissipation 

increases gradually with time, especially between the degraded cartilages in 

Figure4b: their energy dissipation is higher than the healthy cartilage and 

degraded cartilage treated with Chi-C. The higher energy dissipation observed 

on the degraded cartilage could be caused by the unprotected GAGs on 

cartilage after ChABC treatment, leading to insufficient lubrication and high 

friction. The COF was measured at 4N of normal load, which mimics the 

contact pressures in the swing phase of the gait cycle. Previous ex vivo 

experiments 22 have shown that this load does not initiate fluid weeping from 

the cartilage and thus cannot give rise to formation of a fluid film. In the 

absence of a fluid film, most of the load is supported through cartilage-

cartilage contact, where boundary lubrication takes place predominantly. The 

COF of degraded cartilage and healthy cartilage observed in the present study 

is consistent with a previous study 14 that reported a COF of 0.14 for degraded 

cartilage and 0.06 for healthy cartilage with a similar ex-vivo model.  
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Figure 4. Role of Chi-C in ex-vivo friction of degraded cartilage in synovial fluid. (a) 

Coefficient of friction as a function of time for healthy, degraded and Chi-C-treated (10 

min) degraded cartilage submerged in synovial fluid. (b) Friction energy dissipation 

with time under constant load force (4N). (c) Schematic figure of degraded cartilage 

reciprocating sliding against another degraded cartilage on the UMT-3, where bottom 

cartilage is 40×25 mm
2 

, and the top has a diameter of  9 mm. Degraded cartilage is 

partly covered with lamina splendens and Chi-C interacts with the surface in turn 

recruits glycoproteins (PRG4) from the synovial fluid and provides low friction.  

Our results and those from Sun et al. 15, Singh et al. 13 and Morgese et. al. 14 

show that cartilage lubrication enhancement is possible through 

immobilization (covalently or non-covalently) of a layer composed of either 

exogenous lubricious molecules 14,15 or intermediate molecules 13 that recruit 

lubrication moieties from the SF on the cartilage surface. Morgese et al. 14 used 

exogenous polyoxazoline graft-copolymers and Sun et al. 15 used biomimetic 

diblock copolymer that could bind to degraded cartilage, suggesting that the 

film on the cartilage surface is responsible for boundary lubrication. Singh et al. 
13 used HA binding peptides to specifically bind and immobilize HA to the 

surface of degraded cartilage, suggesting that a high concentration of HA in the 



Chapter 4 

89 

 

synovial cavity alone is not enough to enhance lubrication, but that HA 

adsorption on the degraded cartilage surface is necessary. Our strategy is 

similar to that of Singh et al. 13, whereby the added molecules act as an 

intermediator between the cartilage surface and lubricious moieties from the 

SF: PRG4 in our study and HA in the study by of Singh et al. 13. The difference is 

that Chi-C does not have any specific PRG4 binding ability, but simply works 

through physical and chemical attraction and albumin, abundantly present in 

SF, does not seem to block the interactions 41. Looking at the commercial 

aspects, Chi-C is an easier molecule to synthesize in large quantities without 

being expensive as compared to the HA binding peptide, biomimetic diblock 

copolymer and polyoxazoline graft-copolymers, in our opinion. We have shown 

that Chi-C can be effective in a complex situation where synovial fluid, 

composed of various proteins, polysaccharides, glycoproteins and lipids, is 

naturally present. One limitation for the use of Chi-C could be the patients 

suffering from shellfish allergy 42. But is such cases chitosan from the fungal 

source 43 can be used for the synthesis of Chi-C instead of marine chitosan. 

AFM mimics boundary lubrication conditions at nanoscale and in vitro. In the 

present study, we measured friction on mimicked lamina splendens, i.e. the S-

SyCF, whereby Chi-C treatment reduced COF on the AFM by half: from 0.06 to 

0.03 (Figure 3a). Ex-vivo measurements on degraded cartilage showed a similar 

reduction of COF by half: 0.15 to 0.06 (Figure 4). However, the exact COF 

values remained different. This could be due to the use of different tribo-pairs, 

i.e. real cartilage vs. QCM crystal surface. Furthermore, frictional properties 

are often different at nanoscale and macroscale 44. The ex vivo results together 

with nanoscale friction (AFM), QCM-D, XPS and ConA staining results indicate 

that Chi-C would readily adsorb on both healthy and degraded cartilage 

surfaces. We have shown strong evidence that sessile Chi-C recruits 

glycoproteins (PRG4) from the SF on the cartilage surface, consolidating the 

lamina splendens and restoring lubrication. Chi-C is a mucoadhesive and it 

would preferably recruit glycoproteins but hyaluronan (HA) and lipids may also 

adsorb on the Chi-C treated cartilage surface. HA and lipid adsorption will 

further consolidate the lamina splendens and enhance lubrication due to the 

synergistic effect of hyaluronan, glycoprotein and lipids 6.  Intra-articular 
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delivery of Chi-C alongside HA would not only increase the viscosity of the SF, 

but also create a condition in which the lamina splendens could be restored 

with the help of glycoproteins from the patient’s own SF and protect the 

degraded cartilage surface from further degradation.  

3.5. Tissue-friendly nature of Chi-C 

Both microscopic examination of chondrocytes and XTT assay showed that S-

SyCF with Chi-C treatment enables human chondrocyte cells to be as active 

metabolically and to proliferate and spread as rapidly as S-SyCF with buffer 

treatment. Detailed description of results are available in the supplementary 

information including Figure S4. 

4. Conclusions 

We have demonstrated that Chi-C binds to lamina splendens and in turn 

enhances the boundary lubrication on the degraded cartilage surface through 

recruitment of glycoproteins (PRG4) from the synovial fluid. This enhancement 

results in reduction of friction both in vitro at nanoscale and ex vivo between 

degraded cartilage surfaces at macroscale. This makes Chi-C, a simple, 

inexpensive, bioinspired and biocompatible mucoadhesive as a promising 

additive to the intraarticular viscosupplementation fluid. A proof of principle 

for cartilage lubrication is obtained, but similar recruitment mechanisms may 

be applied to sliding tissue-tissue or tissue-biomaterial interfaces in the human 

body. 
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Supporting information 

Materials and Methods 

Synthesis of and characterization of chitosan-catechol (Chi-C). Chi-C was 

synthesized through the EDC reaction between the carboxyl group from 

hydrocaffeic acid and the amine group from chitosan 20 at pH 5 (Figure 1). 

Briefly, Chitosan (50kDa-190kDa, 3.25 mmol, Sigma Aldrich, CAS no. 9012-76-4) 

was dissolved in 50 ml PBS and pH was adjusted to 5 by 1N HCl and 1N NaOH 

solutions. Hydrocaffeic acid (HCA, 3.25 mmol, Sigma Aaldrich, CAS no. 1078-61-

1) dissolved in 1 ml of deionized water was then added to the chitosan solution. 

EDC (3.25 mmol, Sigma Aaldrich, CAS no. 25952-53-8) and N-

Hydroxysuccinimide(NHS, 3.25 mmol, Sigma Aaldrich, CAS no. 6066-82-6) 

predissolved in 2mL of deionized water and ethanol (Sigma Aaldrich, CAS 

no.64-17-5) solution (1:1, v/v) was added to the reaction mixture, which was 

stirred at room temperature in a nitrogen environment. The pH of the reaction 

was checked every 20 min and readjusted if necessary. After 9 h, the mixture 

compound was dialyzed (molecular weight cut-off: 3500 Da, spectrum medical 

industries, USA) in acidified deionized water (pH 5.0) for 2 days. The final 

product was lyophilized and stored in a moisture-free desiccator. 

The conjugation property was determined by using 1H-NMR (Avance, Bruker 

Inc., USA,) with a concentration of 5mg/ml in D2O and in the FTIR (Agilent 

technologies, Santa Clara, USA) as a powder. The degree of catechol 

substitution was determined using a Uv-Vis (Beckman, USA) spectrum at 280 

nm with the standard hydrocaffeic acid curve as follows: hydrocaffeic acid 

solutions with concentrations ranging from 0.1mM to 0.9 mM in PBS were 

prepared and their absorbance at 280 nm was measured by Uv-Vis spectrum. 

The calibration curve thus obtained is presented in Figure S1. After obtaining 

the absorbance of 1 mg/ml  Chi-C at 280nm, the conjugate degree was 

calculated by using the calibration curve. For all the experiments Chi-C was 

dissolved in PBS (pH 7) at a concentration of 10 mM. 

Colloidal probe atomic force microscopy for studying lubrication at 

nanoscale24. Rectangular, tipless cantilevers (length 300±5um, width 35±3um) 

were calibrated for their torsional and normal stiffness by the thermal noise 
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method45 using AFM Tune IT v2.5 software 46,47. 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. A silica particle 21.83 µm in diameter (Bangs laboratories, 

Fishers, IN, USA) was glued to a cantilever with 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) 
48 

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 calculated by a standard torsional photodetector calibration45,49. 

Briefly δ is calculated by using a mirror on the base of the AFM for reflection of 

the laser in to the detector. The lateral detector voltage was recorded as the 

mirror was tilted over several angles. From the lateral detector voltage against 

the tilt angle (rad) the δ (v/rad) can be calculated for the used medium 

(air/liquid). The detector signals both normal and torsional were grabbed with 

a DAQ card from National Instruments. ∆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 up to a normal force of 40 nN. At 

each normal force, friction loops were recorded to yield the average friction 

force. Finally, the coefficient friction was taken as the slope of a straight line 

fitted to the friction vs. normal force data. The surface softness was measured 

by colloidal probe AFM and by repulsive force-distance curve measurement. 

The repulsive force-distance curves between the colloidal probe and adsorbed 

film were obtained at a trigger threshold force of 10 nN. Assuming the stiffness 

and Poisson’s ratio for Au and SiO2 to be 80, 200 GPa and 0.4, 0.3 respectively 

the applied normal force would give rise to contact pressures of 4-43 MPa. 
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Evaluation of cell behavior. Cell response to Chi-C treated S-SyCF was tested 

on chondrocytes derived from human cartilage 28,50 using a protocol described 

in detail in the supplementary information. were seeded onto 15 mm (15mm ) 

circular glass slides that fit into the 24-well culture plate. The circular slides 

were dipped in synovial fluid for 30 min and immersed in PBS or Chi-C (0.5 

mg/ml in PBS) for 10 min and for another 30 min in synovial fluid (the same 

procedure used for QCM-D experiment). Control glass slides were dipped only 

in PBS. Each sample was sterilized by UV radiation for 1 h and seeded with cells  

at a concentration of 5×103 cells/ml. Cells were cultured in a high glucose 

DMEM (Gibco), 10% FBS (Gibco), and 1% penicillin−streptomycin (Sigma) at pH 

7.4 and incubated at 37°C in a humidified air atmosphere of 5% CO2 ; the 

medium was changed every 3 to 4 days. Cell viability and proliferation were 

measured by using an XTT assay (Applichem A8088), which is briefly 

summarized as follows. On day 1, day 3, day 7 and day 14, 300ul of XTT 

reaction reagent (0.1 ml activation reagent and 5 ml XTT mixture) was added 

to each well and incubated at 37°C for 3 h. The microplate reader was used to 

record absorbance at 485 and 690 nm. Fluorescent images using confocal laser 

scanning microscopy (CLSM) with TRITC-phalloidin and DAPI stain showed the 

visual morphology of chondrocytes. Cells were fixed by paraformaldehyde for 

15 min at room temperature, followed by washing with PBS, then 500 ul 

mixture (TRITC-labelled phalloidin at 2 ug/ml and DAPI 4ug/ml in PBS) was 

added to each well plate, which was then incubated for 1 h at room 

temperature with aluminum foil for light protection. The mixture was then 

removed, washed with PBS and visualized by CLSM.  

Results 

Synthesis and characterization of chitosan catechol (Chi-C) polymer. 

The H-NMR spectra of Chi-C obtained through the EDC reaction (post dialysis) 

is shown in Figure S1b. The multiplets observed between δ = 6.5 ppm and δ = 

7.0 ppm are associated with protons of the catechol; the region around 2 ppm 

corresponds to protons from the acetyl group, demonstrating that Chi-C 

conjugation was successful. The conjugation was also confirmed using FTIR 

spectra shown in FigureS1c, where new absorption peaks around 1289 cm-1 

correspond to the characteristic absorption of phenolic structures. The 
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adsorption peaks at 1530 cm-1 (amide type II) also increased in intensity, 

suggesting that the amine group on chitosan reacted with the carboxyl from 

hydrocaffiec acid to form amide linkage (CO-NH) 51. In the UV-Vis spectroscopy 

spectra (Figure S1d) the Chi-C conjugate can also be clearly observed in the 

absorption at 280 nm from aromatic nucleus, which is not observed for 

chitosan alone. The conjugation level was calculated with the standard curve 

of hydrocaffeic acid using the absorbance at 280 nm with different 

concentrations (see Figure S2). After obtaining the absorbance of 1 mg/ml (5.4 

mM) Chi-C at 280nm, the conjugation degree can be calculated.  In the present 

study, 1mg/ml product absorbance at 280 nm was 1.83 (0.689 mM), thus 

indicating that a 12.7% conjugation level for Chi-C was achieved and the 

molecular weight of Chi-C would be 55.2 to 209.8 kDa. Amidation by the 

carbodiimide coupling method 30 is widely used in biomaterial applications due 

to its eco-friendly nature and high yield. Different proportions between 

chitosan and hydrocaffeic acid can yield different conjugations. In the present 

study, we chose a 12.7% conjugation level because less than 10% is 

conventionally considered to be a low catechol conjugation level for a polymer. 

Likewise, conjugation above 25% is regarded as high catechol conjugation level 

for a polymer because such higher levels are limited by aggregate formation 

during the EDC reaction 18,52. 

Biocompatibility of Chi-C 

In terms of the specific location of sliding as it naturally occurs, it is necessary 

to check the biocompatibility of SyCF after modification with Chi-C. We 

therefore co-cultured the S-SyCF (after modification with Chi-C) with human 

chondrocyte cells for 2 weeks. After 1, 3, 7 and 14 days, the cells were 

analyzed by confocal microscopy and XTT viability assays (see FigureS4). The 

overview images on each surface clearly display more cell surface coverage 

after 7 days compared to 1 and 3 days, although no significant difference was 

found in metabolic activity between the different surfaces. The numbers of 

nuclei per mm2 on each surface in FigureS4c increased gradually with culture 

time, indicating that cell proliferation on each surface was not affected by the 

surface chemistry during this short period. Moreover, on day 14, cell 

proliferation and metabolic activity were significantly higher on S-SyCF with 
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Chi-C than on  S-SyCF with PBS and on bare glass. This difference could be due 

to the presence of a soft and highly hydrated S-SyCF. Chi-C treatment gives rise 

to a thicker (Figure 1c) and softer (Figure 1d) S-SyCF than with buffer 

treatment, although no significant difference was observed with respect to the 

metabolic activity between them. Stiffness of the substrate upon which the 

cells find themselves has a clear effect on their morphology and activity 53.  The 

above result indicates that the proliferation of chondrocytes in vitro in the long 

term (after two weeks) could be affected by the surface chemistry as well as by 

the structure softness. As the time increased, more and more cells appeared 

on the surface (see FigureS4a). The average number of cells first increased 

until day 7 and then decreased gradually on day 14 (see FigureS4c), which 

could be caused by the limited space for each cell with the increasing numbers 

of cells. Both microscopic examination and XTT assay showed that S-SyCF with 

Chi-C treatment enables human chondrocyte cells to be as active metabolically 

and to proliferate and spread as rapidly as S-SyCF with buffer treatment. 
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Figure S1. Synthesis and characterization of Chi-C (a) Synthesis and chemical structure 

of Chi-C. (b) 
1
 H-NMR spectra of Chi-C. (c) FTIR spectrum of Chi and Chi-C. (d) UV-Vis 

spectra of Chi-C and the control (Chi).   

 
Figure S2. Uv-Vis spectra of hydrocaffeic acid solution at A280 with concentrations 

ranging from 0.1mM to 0.9mM, and the standard curve (a) calculated by the linear 

fitting.  (b) Zeta potential of Chi-C at 0.5mg/ml in PBS. 

 
Figure S3. Histological sections of bovine cartilage before and after ChABC treatment. 
(a) Histology sections of cartilage without ChABC treatment were stained with 
Safranine-O with Fast Green for proteoglycans and GAGs. (b) Sections of cartilage 
without ChABC treatment were stained with Picrosirius red for collagen. (c) and (d) 
show the cartilage degraded by ChABC, which were stained with Safranine-O with Fast 

(a) (b)

(c) (d)

Healthy cartilage

Degraded cartilage
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Green for proteoglycans and GAGs and Picrosirius red for collagen, respectively. The 
images were taken at magnifications of 2.5× and 10×. The black square indicates the 
enlarged area. 

 
Figure S4. Behavior of chondrocyte cells on different surfaces. (a) Fluorescence images 

of cells stained with DAPI (nucleus) and TRITC-pholloaid (cytoskeleton) for 

Chondrocyte cells at 1, 3, 7 and 14 days of culture. (b) XTT assay shows an increasing 

trend in metabolic activity, which is dependent on both cell viability and proliferation 

for each surface. (c) Numbers of nuclei per mm
2
 on different surfaces. (d) Average size 

per cell on different surfaces at different culture times. 
* 

Statistically significant p < 

0.05 (two-tailed Student t-test) differences of cell metabolic activity and numbers of 

nucleuses at 14 days on S-SyCF with Chi-C compared to bare glass. 
#
 Statistically  

significant differences of average size per cell on cell at 14 days on bare glass compare 

to S-SyCF with Chi-C.  Scale bare in the image represents 100 um. 
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Table S1. Surfaces elemental composition  of SF with PBS and SF with Chi-C  

% S-SyCF exposed to buffer S-SyCF exposed to Chi-C 

C 60.4±2.1 59.8±0.02 

O Ototal 18.6±1.1 19.87±0.04 

%O532.7*Ototal 4.8±0.3 5.86±0.25 

N 11.2±0.36 10.5±0.33 

P 2.4±0.5 2.55±0.02 

S 1.06±0.03 0.93±0.45 

Cl 3.5±0.28 3.46±0.14 

Na 2.9±0.3 2.72±0.45 
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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 
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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 



Chapter 5 

119 

 

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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The lubricating molecules found in saliva, tear or synovial fuid adsorb on tissue 

surfaces to give rise to a conditioning film. A lack of lubricant molecules or 

their structural mutation is associated with the altered water-holding ability of 

the conditioning films. This yields poor lubrication at sliding tissue interface in 

vivo resulting in pain and discomfort1. Restoring biolubrication for patients is 

important because prolonged deficient lubrication can lead to tissue wear and 

necrosis. In this thesis, we propose a new strategy to enhance the lubrication 

where the aberrant conditioning film recruits natural lubricating molecules 

through the addition of adhesive biopolymers. To validate this concept, we 

have chosen the oral cavity and knee joint, as the models for understanding 

the role of adhesive biopolymer in lubrication enhancement at the tissue-

tissue interface. High lubrication at the tissue-biomaterial (implant) interface is 

essential for the normal function and longevity of implants and medical 

devices. Thus, we designed a coating for polycarbonate urethane (PCU), which 

is a popular material for meniscus implant. The coating recruited 

biomacromolecules from the surrounding synovial fluid to enhance the 

lubrication of PCU while sliding against cartilage. Various surface analytical 

equipments were adopted to elucidate the mechanism of biolubrication 

enhancement, including Quartz crystal microbalance with dissipation 

monitoring (QCM-D), colloidal probe Atomic force microscopy (AFM), X-ray 

photoelectron spectroscopy (XPS), tribochemistry, Attenuated total 

reflectance - Fourier transform infrared spectroscopy(ATR-FTIR), Scanning 

electron microscopy (SEM), and Universal mechanical tester(UMT).  

Oral lubrication enhancement 

Saliva and salivary conditioning film2,3 help lubricate the oral cavity and protect 

the tooth surface from erosion. Due to lower saliva production or mutation in 

mucin structure,  xerostomia patients suffer from a subjective dry mouth feel. 

In the present day, dry mouth patients4 prescribed with saliva substitutes, 

which overwhelm the oral cavity with exogenous mucin, carboxy-

methylcellulose, hydroxyethylcellulose, xanthan gum, etc. aims to optimize the 

viscosity. However, there is only little correlation between viscosity and 

lubrication function 4.  In the oral cavity of dry mouth patients, aberrant 

salivary conditioning film2,3 (SCF) together with the saliva fluid, shows limited 
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lubrication property. In Chapter 2&3, we have demonstrated that the use of 

two biopolymers, the supercharged polypeptide (SUP) and chitosan catechol 

(Chi-C), enhances the lubrication by changing the structural softness and 

composition of SCF with the saliva from xerostomia patient.  

In Chapter 2, the lubrication enhancement ability of SUP was taken from an in 

vitro nanoscale proof of principle2 to the macroscale using a tongue-enamel 

friction system and saliva from patients suffering from Sjögren’s syndrome. 

SUPs are known to adsorb and rigidify an existing salivary condition film and 

then recruit mucins from the surrounding saliva to give rise to a very soft 

overlayer, increasing the water-holding ability of the SCF2. Effect of increasing 

molecular weight of SUP either by increasing the repeat units or dimerization 

due to cysteine termination was evaluated for lubrication enhancement in 

vitro at the nanoscale. The higher molecular weight SUP (K108cys) recruited 

higher amounts of negatively charged mucin from the limited saliva, yielding 

high glycosylation and softer overlayer to establish a layered and robust SCF 

(Chapter 2 Figure 1). The layered SCF by K108cys was able to prolong the 

duration of lubrication (relief period) for saliva from patients suffering from 

Sjögren’s syndrome (Chapter 2 Figure 3).  

Intrigued by the positive effects of SUP on the SCF, a simpler mucoadhesive 

molecule derived from a natural source, i.e., chitosan catechol (Chi-C) was 

explored for its enhancing effect on salivary lubrication in Chapter 3. The effect 

of an increasing conjugation degree, i.e., Chi-C7.6%, Chi-C14.5%, and Chi-C22.4%., on 

lubrication enhancement was studied. A higher conjugation degree increased 

the mucoadhesive nature of Chi-C to mucin through catechol-mediated 

covalent reaction, as was previously found by others5. Chi-C showed a similar 

mechanism of action as SUPs. It showed that the high conjugation yielded a 

softer SCF and lower friction. Besides enhancing salivary lubrication, Chi-C was 

found to be antimicrobial and also reduced dental erosion.  

From Chapters 2&3, two strong candidates emerged, i.e., K108cys and Chi-C22.4% 

for future translation towards clinical use. Both candidates were studied at the 

same concentration of 0.5mg/ml2 to test their lubrication enhancement. The 

SCF became more rigid with a lower value of the ratio between dissipation and 
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frequency shift (∆D3/∆f3) (<0.08 in Chapter 2 Figure 1) after treatment with 

K108cys compared to SCF treatment with Chi-C22.4%  with a relative higher 

∆D3/∆f3 (>0.08 in chapter 3 figure 1). The more rigid structure could be caused 

by the more strong electrostatic force exerted by SUP due to a higher zeta 

potential (10 mV in Chapter 1) as compared to Chi-C (7.6 mV in Chapter 4). 

Although the lower zeta potential of Chi-C, after the recruitment of mucins 

from saliva, the structural softness of the SCF became very similar (∆D3/∆f3 

around 0.17) with both two molecules. It indicates that besides electrostatic 

attraction between mucin and Chi-C, there are also present a certain amount 

of hydrogen bonding and covalent bonding5. 

Both SUP and Chi-C work synergistically with salivary mucins, they 

consolidated the existing SCF and help recruit mucins which enhances  

lubrication. It demonstrates that our strategy works and will be helpful for 

xerostomia patients. K108cys and Chi-C22.4% performed similarly in lubrication 

enhancement ex-vivo by extending the relief period of patient SCF  to 21±7.3 

min and 25±4.8 min, respectively, as compared to 3.3±1.3 min for untreated 

SCF. Considering the commercial application, K108cys requires a recombinant 

route of synthesis using Escherichia coli, whereas Chi-C is chemically 

synthesized, making it easier to obtain in large amounts. Furthermore, the 

antimicrobial and anti-erosion capability of Chi-C makes it a more suitable 

molecule to help treat xerostomia patients.  

Enhancing biolubrication in knee joint 

In the knee joint6, an ultralow coefficient of friction (µ~0.005) 7,8 attributes to 

the biphasic structure of cartilage6,9, presence of an adsorbed film of proteins, 

polysaccharides, glycoproteins and lipids, i.e., lamina splendens9 and the 

synovial fluid6,9. Arthritis10 causes changes in the synovial fluid and lamina 

splendens composition associated with lubrication dysfunction. Intraarticular 

injection of hyaluronic acid for arthritis patients to enhance cartilage 

lubrication gives temporary pain relief11,12. 

Thus, in Chapter 4, we applied our strategy of recruiting natural lubricating 

molecules through the addition of adhesive biopolymers and adopted Chi-C12.7% 

to stabilize the lamina splendens. The results show that Chi-C12.7% can 
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efficiently recruit lubricin (PRG4) and other negatively-charged molecules like 

hyaluronic acid (HA)and albumin from the SF, increasing the softness, and 

enhancing lubrication. Our strategy demonstrates for the first time that 

lubricating molecules from the surrounding milieu can be recruited on the 

cartilage surface to enhance lubrication. Our strategy using the existing natural 

lubricants is different from immobilization of exogenous polyoxazoline graft-

copolymers13, or biomimetic diblock copolymers14 to mimic the natural 

lubricants to the surface of degraded cartilage.  

The stabilized lamina splendens enhance the lubrication of cartilage through 

recruitment of lubricating molecules from the surrounding milieu by Chi-C, 

suggesting that the presence of lubricating molecules in the fluid phase is not 

enough to enhance lubrication, but requires adsorption on the surface in the 

form of a conditioning film. A similar approach was reported by Singh et al.15 

who used HA binding peptides to specifically recruit HA from the synovial fluid 

to enhance the lubrication of degraded cartilage. The difference is that our 

strategy is not limited to the specific binding of one type of molecule but is 

based on a more general binding of molecules in the synovial fluid as mediated 

by electrostatic interactions. Majd et al. 16 reported that the albumin present in 

the SF blocks the interaction between PRG4 and HA, leading to high friction. In 

our study, the Chi-C works through physical and chemical attraction, while 

albumin does not seem to block the interactions16. 

Compared to the strategy that enhances lubrication by replacing the existing 

system with exogenous lubricating molecules, our strategy which utilizes the 

natural lubricants to stabilize the conditioning film by the widely used 

biocompatible biopolymers is safer and more durable. The exogenous 

lubricants may trigger inflammation and can be cleared up by the host leading 

to a short relief. Thus, multiple doses are necessary, e.g., repeated sprays of 

artificial saliva or multiple intraarticular injections of HA, which is frustrating 

for the patient. The fact is that the impaired lubrication system has reduced or 

altered natural lubricants still continuously secreted by the host that can use to 

build the new conditioning film with the help of an adhesive biopolymer 

restoring lubrication. Overall this research work has set the stage to provide 
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better therapeutics/strategy for oral and knee joint lubrication enhancement 

that may be applicable for other body sites like eyes as well. 

Biomaterial coating based on the recruitment strategy 

For biomaterials employed at sliding interfaces with tissue, e.g., polycarbonate 

urethane (PCU) as meniscus implant, contact lenses on cornea surface 17, a lack 

of lubrication ability leads to pain and tissue degradation. Surface 

modification18 of biomaterials/implants  is regarded as a promising way to 

improve the lubrication function of medical devices19.  

In Chapter 5, taking the meniscus implant (PCU) as the example, we 

demonstrated, for the first time, that lubrication between the implant (PCU) 

and tissue (cartilage) can be improved through a coating, which recruits 

lubricating molecules from its surrounding to the surface.  This film (PLL-HADN) 

contains the positively charged  poly-L-lysine (PLL) and negatively charged 

mussel-inspired hyaluronic acid dopamine conjugate (HADN). The dopamine 

modification increases the adhesive strength of the film onto PCU, meanwhile, 

HADN shows a high affinity to PRG4 and can recruit the PRG4 from the synovial 

fluid to enhance lubrication and reduce wear of cartilage (Chapter 5 Figure 6). 

Majd et al. 16 found that compared to PCU, the mPCU with a more hydrophobic 

surface yielded a higher friction force as was measured with colloidal probe 

AFM, while the way to improve the lubrication function of PCU remained 

unclear. Some studies try to improve the lubrication of implant/medical 

devices by grafting exogenous lubricants like poly (2‐methacryloyloxyethyl 

phosphorylcholine (MPC)‐co‐n‐butyl methacrylate (BMA))18, Poly (2-

methacryloyloxyethyl phosphorylcholine) 19, and mucin20 while it is inadequate 

on a lasting basis due to the clearing of the exogenous lubricants by the host. 

Our strategy seems more durable and persistent because of the continuous 

natural lubricant secreted by the host.  

Future perspectives  

With the increasing average age, our society faces a growing number of age-

related chronic diseases, like dysfunction of lubrication, i.e., dry mouth, dry 

eye, and arthritis that decrease the quality of life21–23. The current clinical 



Chapter 6 

143 

 

treatment with commercial artificial lubricants, i.e., artificial saliva, artificial 

tear, only shows temporary effects. Thus, a need for development of new 

therapeutic strategies for patients with friction-related disease is necessary.  

Herein, two strategies are utilized: (1) explore biomimetic lubricating fluid with 

exogenous lubricating molecules to overwhelm the natural system, (2) utilize 

the existing impaired lubricants to repair the lubrication system. New 

lubricating molecules with glycoprotein-based structure24 like brush polymer25, 

nanospheres26, and block copolymer14,27 have been designed for decades to 

mimic the natural lubricating fluid while none of them have made it to the 

clinic. This also suggests that the interaction between the exogenous lubricants 

and the naturally occurring conditioning film is important for their in vivo 

application. Furthermore, before a new compound can be used in the clinic, 

extensive safety assessments are required, which take a long time. In the long 

term, exogenous biomimetic lubricating molecules working with the natural 

lubrication system may yield good perspective for clinical application. However, 

in the short term, the strategy of utilizing the limited natural lubricants to 

repair the existing lubrication system with the help of ‘safe’ biopolymers seems 

much easier and more effective for clinical translation. With an increasing 

number of people that suffer from  lubrication dysfunction-related diseases, 

the need to develop new exogenous lubricating molecules may be less urgent 

than the need to focus on clinical translation of available strategies, as 

presented in this thesis. 

In this thesis, we evaluated the lubrication enhancement by  various kinds of 

biopolymers through the creation/recruitment of a coating with natural 

lubricants in oral and knee joint. We did not investigate the eye because of  the 

scarcity in proper ex-vivo models and limited availability of fluid (tear). Thus, 

setting up a relevant eye model in future work is needed to investigate if our 

strategy also works in the dry eye patient. Furthermore, future work should 

include in vivo testing in animal models to stimulate the clinical translation.  
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Insufficient biolubrication leads to a drastic decrease in the quality of life 

associated with chronic pain, irritation, and restricted mobility. With the 

increasing aging population, more and more people worldwide suffer from 

lubrication dysfunction-related conditions like dry mouth, dry eye, and 

osteoarthritis, yielding severe discomfort. Currently, the strategy used to 

restore biolubrication is to overwhelm the natural lubrication system with 

exogenous viscosity enhancer, which shows limited effect. To improve the 

quality of life of patients, it is urgent to develop a new strategy to enhance 

biolubrication. In this context, as introduced in Chapter 1, this thesis presents a 

new approach of utilizing the existing impaired lubricants to repair the 

lubrication systems with the help of biopolymers. This thesis provides new 

insights in restoring the lubrication functionality in the living system. 

In Chapter 2, we took the chronic dry mouth as a consequence of the Sjögrens 

syndrome as an example of an impaired lubrication system. We determined 

the role of recombinant supercharged polypeptides (SUPs) in enhancing 

salivary lubrication. The positively charged SUPs are able to make a layered 

structure with the negative charges of salivary proteins by electrostatic 

interactions. This forms a stable and robust salivary conditioning film (SCF). We 

first determined the optimal molecular weight of SUPs to achieve the best 

lubrication performance by employing friction measurements. Out of a library 

of genetically engineered cationic polypeptides, the variant SUP K108cys was 

identified as the best SUP to restore oral lubrication. This variant, SUP K108cys, 

was used to explore the effects in restoring salivary lubrication of saliva from 

Sjögrens patients in a pre-clinical situation with an ex vivo tongue-enamel 

friction system. Employing K108Cys , the duration of lubrication for SCFs from 

healthy and patient saliva was significantly extended. For patient saliva, the 

duration of lubrication was increased from 3.8 min to 21 min with SUP K108cys 

treatment. Investigation of the tribochemical mechanism revealed that 

lubrication enhancement is due to electrostatic stabilization of the SCFs and 

mucin recruitment, which is accompanied by strong water fixation. 

Intrigued by the positive effects of SUP on the SCF, in Chapter 3, a simpler 

mucoadhesive molecule derived from a natural source, i.e., chitosan catechol 

(Chi-C) was explored for its enhancing effect on salivary lubrication. Chi-C with 
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different conjugation degrees (Chi-C7.6%, Chi-C14.5%, Chi-C22.4%) were obtained by 

carbodiimide chemistry. Chi-C is able to induce a layered structure composed 

of a rigid bottom and a soft secondary SCF (S-SCF) after reflow of saliva. The 

higher conjugation degree of Chi-C generates a higher glycosylated S-SCF by 

mucin recruitment and provides lower friction in vitro. The layered S-SCF 

extends the  lubricating period for saliva of Sjögrens patients over 7-fold on the 

previously introduced ex vivo tongue-enamel friction system. Besides 

lubrication, Chi-C-treated S-SCF reduces dental erosion depths from 125 to 

70μm. Chi-C shows antimicrobial activity against Streptococcus mutans. This 

research confirmed that it is possible to restore the functionality of salivary 

conditioning films to enhance the lubrication at articulating tissues. 

In Chapter 4, we applied our strategy of recruiting natural lubricating 

molecules through the addition of Chi-C12.7% to stabilize the lamina splendens 

in the knee joint. Quartz crystal microbalance with dissipation (QCM-D) was 

used to mimic the formation of lamina splendens and the SyCF on a quartz 

crystal in vitro, known as synovial fluid conditioning films (SyCF), and atomic 

force microscopy was used to measure the nanoscale frictional properties of 

the adhered SyCF. We found clear evidence of glycoprotein (PRG4) and other 

lubricating molecules recruitment by Chi-C by the increased softness of the 

SyCF. The use of Chi-C and the increased softness improved the nanoscale 

lubrication in vitro, since the friction coefficient decreased from 0.06 to 0.03. 

At the macroscale experiments, cartilage damage was induced by 

Chondroitinase ABC to mimic arthritic conditions. The damaging of the 

cartilage increased the coefficient of friction (COF) from 0.07 ± 0.04 (healthy 

tissue) to 0.15 ± 0.03 (after tissue damage) in the presence of synovial fluid. 

After Chi-C treatment of damaged cartilage, the COF fell to 0.06 ± 0.03, which 

is similar to healthy cartilage. This makes Chi-C, a simple, inexpensive, and 

biocompatible mucoadhesive as a promising additive to the natural fluid to 

restore the lubrication. 

From Chapter 2 to Chapter 4, it can conclude that the lubrication between 

tissues can be restored by utilizing the existing impaired lubricants with the 

help of biopolymers. In Chapter 5, we took the meniscus replacement, i.e., 

polycarbonate urethane (PCU) as an example. The problem of PCU implants is 
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that they were not designed to facilitate lubrication in the sliding interface. 

This often leads to inflammation and discomfort. We confirmed that the 

strategy of restoring lubrication by use of the natural lubricating agents is also 

effective in a biomaterial and tissue interface. First we developed an adhesive 

film through layer by layer self-assembly based on two opposite charge 

macromolecular poly-L-lysine (PLL) and mussel-inspired biopolymer hyaluronic 

acid dopamine conjugate (HADN) in a physiological environment. The adhesive 

coating PLL-HADN (78 nm thickness) showed a high adhesive strength (0.51 

MPa) to PCU and high synovial fluid responsiveness. The QCM-D showed the 

formation of a thick and soft layer when these coatings were in contact with 

the synovial fluid. X-ray photoelectron spectroscopy (XPS) and ConA-Alexa 

staining showed clear signs of lubricious protein recruitment on the PLL-HADN 

surface. The efficient recruitment of lubricious proteins 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 showed that this reduction in 

friction makes the PLL-HADN highly chondroprotective. Thus in this study, we 

have shown that surface recruitment with a strong adsorption of 

biomacromolecules from the surrounding milieu is also an effective strategy 

for biomaterial lubrication.  

In the general discussion of Chapter 6, the major findings of this thesis, and 

possibilities for future research were highlighted. It displays that the strategy 

of lubrication enhancement by restoring the functionality of the natural system 

is available in the short term. This is of major importance with the increasing 

average age of the worldwide population, and the potential discomfort that 

comes with it.  
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Gewrichten en veel andere weefsels in het lichaam zijn afhankelijk van 

lubricatie (smering), denk daarbij ook aan de mond en de ogen. Aandoeningen 

die veroorzaakt worden door verminderde lubricatie zijn artrose 

(gewrichtsreuma) of klachten zoals chronische droge mond en ogen. Dit zijn 

aandoeningen die de levenskwaliteit negatief beïnvloeden. Met een steeds 

ouder wordende wereldpopulatie krijgen steeds meer mensen last van dit 

soort ongemakken. Om de natuurlijke lubricatie te herstellen worden de 

weefsels vaak behandeld met een overvloed aan viskeuze middelen, hoewel 

dit nauwelijks de gewenste effecten geeft. Om de levenskwaliteit van 

patiënten, die aan de genoemde ongemakken lijden, te verbeteren, is het een 

hoofdzaak om een nieuwe strategie te ontwikkelen voor het verbeteren van de 

lubricatie in biologische systemen. In deze context, zoals uiteengezet in de 

algemene introductie in Hoofdstuk 1, werd in dit proefschrift een nieuwe 

benadering gepresenteerd waarin de natuurlijke lubricatiesystemen met 

behulp van biopolymeren hersteld worden.  

In Hoofdstuk 2 wordt de droge mond als gevolg van het syndroom van Sjögren 

genomen als voorbeeld van een situatie met verminderde lubricatie in een 

biologisch systeem. Zogenoemde recombinant positief geladen polypeptiden 

(SUPs) werden gebruikt om de smerende eigenschappen van speeksel in de 

mond te verbeteren. Het mechanisme achter de functionaliteit van SUPs is dat 

er een gelaagde structuur van speekseleiwitten en SUPs tot stand gebracht 

wordt door middel van elektrostatische verbindingen. De SUPs zijn positief 

geladen waar de speekseleiwitten negatief geladen zijn, zo ontstaat er een 

stabiele en robuuste speekselfilm. SUPs van verschillende groottes werden 

getest op welke het beste presteerden in het verbeteren van de lubricatie. De 

variant SUP K108cys, met 108 positieve ladingen en aan beide uiteinden een 

cysteïneresidu, bleek de effectiefste variant voor het verbeteren van de 

lubricatie. Deze variant, K108cys, werd vervolgens gebruikt om de effecten 

ervan op de lubricerende eigenschappen van speeksel van Sjögrenpatiënten te 

onderzoeken. Hiervoor werd gebruik gemaakt van de ex vivo tong-glazuur 

wrijvingsmethode. Deze methode werkt met een oppervlak van de tong en een 

stukje glazuur die in een heen-en-weer gaande beweging over elkaar glijden. 

Zo kunnen de lubricerende eigenschappen van vloeistoffen worden bepaald 



Samenvatting 

153 

 

ten opzichte van een droge situatie zoals bij een droge mond het geval is. De 

SUP K108cys was in staat om de duur van lubricatie door patiëntspeeksel met 

een factor 5 te verlengen ten opzichte van onbehandeld patiëntspeeksel. Het 

achterliggende mechanisme hiervan is dat de lubricatie wordt verbeterd door 

elektrostatische stabilisatie van de geconditioneerde speekselfilm (SCF) en 

door elektrostatische binding van mucines (speekseleiwitten die lubricatie 

verzorgen). Gezamenlijk zorgt dit er voor dat water gebonden wordt en minder 

snel verdampt wat lijdt tot verbeterde lubricatie. 

Geïntrigeerd door het positieve effect van SUPs op de speekselfilm hebben we 

in Hoofdstuk 3 een simpeler molecuul gebruikt om de effecten op lubricatie 

door speeksel te onderzoeken. Chitosan is een eiwit van een natuurlijke bron 

dat bekend staat omdat het aan slijmvliezen kleeft en is daardoor interessant 

voor gebruik in de mond. Door toevoeging van catechol aan chitosan wordt het 

geheel wateroplosbaar bij een neutrale zuurgraad, zoals die in de mond, en 

daarbij kan catechol een interactie aangaan met het speekseleiwit mucine. De 

combinatie chitosan-catechol (Chi-C), geproduceerd in verschillende 

conjugatiegraden (Chi-C7,6%, Chi-C14,5%, Chi-C22,4%), zou de lubricerende 

eigenschappen van speeksel moeten kunnen verbeteren. De interactie van Chi-

C met speekseleiwitten levert een gelaagde structuur met een stevige 

onderlaag en een zachte secondaire geconditioneerde speekselfilm (S-SCF). Dit 

hoogste conjugatiegraad van Chi-C bindt mucines het beste wat leidt tot een 

verlaagde wrijving in vitro. De gelaagde S-SCF verlengt de werkzame periode 

‘Reliefperiode’ van speeksel van Sjögrenpatiënten tot 7 keer op de ex vivo 

tong-glazuur wrijvingsmethode. Behalve dat de met Chi-C behandelde S-SCF de 

lubricatie verbetert, gaat het ook tanderosie tegen (erosiediepte wordt 

gereduceerd van 125 µm tot 70 µm). Ook heeft Chi-C antimicrobiële 

eigenschappen tegen Streptococcus mutans. Dit onderzoek bevestigde dat het 

mogelijk is om de functionaliteit van geconditioneerde speekselfilms te 

herstellen en de lubricatie te verbeteren.  

In Hoofdstuk 4 hebben we onze strategie om de van nature aanwezige 

lubricerende moleculen te binden door gebruik van Chi-C12,7% gebruikt om de 

lamina splendens in de knie te stabiliseren. De lamina splendens is de 

buitenste laag van het kraakbeen dat bedekt wordt met een geconditioneerde 
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film van synoviaalvloeistof (SyCF) wat gezamenlijk zorgt voor lage wrijving in 

het kniegewricht. Voor in vitro metingen van de wrijvingscoëfficiënt werd met 

behulp van een kwartskristal microbalans (QCM-D) een SyCF gevormd op een 

kwartskristal. Toevoegen van Chi-C leidde tot verzachting van de SyCF door 

binding van het glyco-eiwit PRG4 en andere lubricerende moleculen. 

Atoomkrachtmicroscopie (AFM) werd vervolgens gebruikt voor het bepalen 

van de wrijving op nanoschaal. Toevoeging van Chi-C aan de SyCF leidde tot 

daling van de wrijvingscoëfficiënt van 0,06 tot 0,03 en dus tot betere lubricatie 

in vitro. De natuurlijke situatie in de knie hebben we geprobeerd na te bootsen 

in ex vivo wrijvingsexperimenten, met over elkaar heen glijdend kraakbeen in 

aanwezigheid van synoviaalvloeistof. Gezond onaangetast kraakbeen had een 

wrijvingscoëfficiënt van 0,07 ± 0,04. Het kraakbeen werd beschadigd door het 

toevoegen van het enzym chondroitinase ABC. Beschadigd kraakbeen (zoals bij 

artrose) leverde een wrijvingscoëfficiënt van 0,15 ± 0,03 op, een factor 2 hoger. 

Behandeling van het beschadigde kraakbeen met Chi-C herstelde de 

wrijvingscoëfficiënt weer tot het niveau van 0,06 ± 0,03. Chi-C laat zien een 

simpele, goedkope en biocompatibele toevoeging kan zijn aan het natuurlijk 

aanwezige synoviaalvloeistof om de lubricatie te herstellen. 

In Hoofdstuk 2 tot en met Hoofdstuk 4 laten we zien dat we de lubricatie 

tussen verschillende natuurlijke weefsels kunnen herstellen door gebruik te 

maken van de van nature aanwezige lubricerende eiwitten en hulp van 

biopolymeren. In Hoofdstuk 5 hebben we dezelfde strategie toegepast op het 

kunstmatig meniscusimplantaat van polycarbonaaturethaan (PCU). Het 

probleem van PCU meniscusimplantaten is dat ze niet ontworpen zijn om 

lubricatie te faciliteren. Dit leidt tot onder andere pijnlijke gewrichten en 

ontsteking. In dit hoofdstuk creëren we een coating die op PCU kan hechten en 

die de lubricatie herstelt door de glyco-eiwitten uit de synoviaalvloeistof te 

binden. We gebruikten hiervoor poly-L-lysine (PLL) en het biopolymeer 

hyaluronzuur-dopamine conjugaat (HADN). Deze moleculen, met beiden een 

tegengestelde lading, vormen door zelfassemblage een aanhechtende 

gelaagde coating. Deze PLL-HADN coating met een dikte van 78 nm heeft een 

aantrekkingskracht van 0,51 MPa op het PCU-implantaat terwijl aan de andere 

zijde de lubricerende glyco-eiwitten gebonden worden. De vorming van deze 
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dikke en zachte laag in aanwezigheid van synoviaalvloeistof werd bevestigd 

door QCM-D experimenten. De PLL-HADN coating herstelt de lubricerende 

eigenschappen zodoende goed dat weefselschade voorkomen kan worden, 

zoals vastgesteld door histologische monsters te analyseren. In dit hoofdstuk 

hebben we laten zien dat we door het binden van natuurlijk aanwezige 

lubricerende eiwitten aan biomaterialen effectief lubricatie kunnen 

bewerkstelligen. 

In Hoofdstuk 6 worden de belangrijkste bevindingen van dit proefschrift 

bediscussieerd en de mogelijkheden voor toekomstig onderzoek uitgelicht. Dit 

proefschrift laat zien dat we met het herstellen van de functionaliteit van de 

natuurlijke systemen de lubricerende eigenschappen kunnen verbeteren. Dit is 

op korte termijn beschikbaar wat van belang is voor de groeiende groep van de 

steeds ouder wordende wereldpopulatie. 

 

S
a

m
e

n
v

a
ttin

g
 



 

 



 

157 

 

 

Acknowledgements 

 

 



Acknowledgements 

158 

 

This thesis would not have been here without the help of people who I would 

like to thank. 

Prashant, thank you for offering me a Ph.D. position. Through you, I 

understood the hard work behind the interdisciplinary research. I appreciate 

your supervision and advice for effective scientific communication, essential 

for multidisciplinary research. During the four years, I’m so appreciative that 

the freedom and trust you have offered, letting me enjoy the research in your 

lab so much. Without your help, the thesis cannot be finished in time. Also, 

thank you for inviting me to the BBQ, which is one of my best memories in 

Groningen. 

Andreas Herrmann, thank you for offering me the chance of a Ph.D. position 

to work with Prashant and applying for the CSC scholarship. Although the time 

in your lab is short, the research environment impressed me a lot and gave me 

lots of help for my academic development. Thank you for your supervising and 

motivating me with SUP project. 

Inge, thank you for your help with my thesis. Your comments help to improve 

my thesis a lot. I have learned a lot from you, and from you, I know how far 

away I need to go to be a good scientist.  

Arjan Vissink, thank you for providing the saliva of patients to the oral 

lubrication study, which helps a lot in the papers. 

Prof. Marleen Kamperman, Prof. Emile van der Heide and Prof. Feng Zhou, 

thank you for your time in carefully evaluating my thesis and approving it for 

the defense. 

Hans, thank you for your help, especially with QCMD, UMT, and DLS. Without 

you, a big part of this work would be impossible. I was so joyful during the time 

working with you. Thank you very much!  

Joop, your experience in the field of Atomic Force Microscopy and X-ray 

photoelectron spectroscopy is a valuable addition to our department. Thank 

you for teaching me theses techniques that have played an essential role in my 

research work. 



Acknowledgements 

159 

 

I would also like to express my appreciations to all the academic staff at BME: 

Henk J. Busscher, Henny van der Mei, Theo van Kooten, Jelmer Sjollema, 

Sarthak Misra, Brandon Peterson, Patrick van Rijn, and Romana Schirhagl for 

their helpful, constructive and creative discussion during lunch meetings and 

Kolff days. Your skilled, professional, and broad knowledge vision have much 

impressed me. 

Special thanks to Besty for being my personal coach and daily experimental 

support, Willem for teaching me bacterial culture and FTIR measurement, 

Reinier for the protein technique and cell culture, Ed for both hardware and 

software support, Ina and Way for the financial and administrative support, 

Gesinda, Marja, Jelly, and Willy for their practical help. I have learned a lot 

from them, either scientific or non-scientific life. 

Jeroen, JP, Zhiwei, Zhenya, and Aldona, my office mates. Thank you for all 

your company, and my daily life with you is full of pleasure. Jeroen, we have 

shared the same office almost four years. You are one of the people I want to 

cherish most here, and simple words are not sufficient to express my 

gratefulness. Thank you for all the sharing and listening. Also, thank you for the 

kind translation of my thesis summary to Dutch, and for the various translation 

help in my daily life. Many thanks to JP for the unreserved help with FTIR,  and 

suggestions for my work. 

I also want to express my profound gratefulness to our big Chinese family 

members. Xiaoxiang, Liang, Lu (Ge), Lu (Yuan), Xueping, Can, Yanyan, Hao, 

Siyu, Yiwen, Huaiying, Guangyue, Jingjin, Lei, Yuchen, Linyan, Kaiqi, Yue, 

Runrun, Chuang, Yiyang, Ruifang, Kecheng, Yong, Yuanfeng, Linzhu, Qihui, 

Yingruo, Bingran, Qiutong, JP and Fangjie. I’m so lucky to meet you, to work 

and play together with you in the past four years. I wish you all have bright 

futures. Many thanks to my neighbors Lu (Yuan) and Guangyue, for daily life 

help, especially at the special period (Covid-19). Special thanks to Weiteng and 

Xiaotian for your help with SEM. You two are so funny but brilliant and 

enthusiastic in research, and I wish you all the best with your scientific career. 

Also, I want to give my great gratitude to the other colleagues. Alejandro, 

A
ck

n
o

w
led

gem
en

ts 



Acknowledgements 

160 

 

Maria, Mari, Abigail, Valentina, Damla, Torben, Aryan…Thank you for your 

help and support during the lab.  

Ke and Chengxiong, I feel sooo…. lucky to work with you two in the same 

group. Thank you for all your help in the lab. I wish you all my best in your 

scientific career.  

Many thanks to my paranimphs, Ke and Jeroen. Thank you for your kind help 

with my Ph.D. defense. 

I also would like to thank my friends in Europe. Hengyang, Jingqi, Danning, 

Nianci, Zhenzhen, Fangfang, and Yangyi. Thanks for all the help and pleasure 

bring to me I will miss all the dinners and journeys we had in the past four 

years. Xiaoyan, I feel so lucky to meet you and get to know you at the 

beginning of this journey. I will miss all the dinners with you and Shaochuan. 

Miancheng and Yu, I feel grateful to meet you two and thank you so much for 

your help in and out of the lab. I wish you all the best for your Ph.D. journey! 

Da CuiCui and Da FangFang, Talking with you two are quite decompressive. 

Thank you for all your company, and I wish you two will make a lot of 

achievements in your Ph.D. 

亲爱的爸爸妈妈，公公婆婆，谢谢您们的养育和教导，关心和惦念。您们

的关爱是我们的无限的动力，促使我们完成学业。抱歉这四年没有花更多

时间好好陪在您们身边，希望您们身体健康，天天都是好心情！姐姐姐夫

们，因为有你们的对爸爸妈妈，公公婆婆的照顾，我们才得以安心来到异

国求学，你们是我们坚强的后盾。祝你们身体健康，工作顺利！可爱的牛

小萌，抱歉小姨没能常常陪你玩，希望你能健康快乐的长大，学业一帆风

顺，梦想成真！悠悠和亦博，感谢你们给舅舅舅妈带来的快乐，祝你们身

体健康，天天开心，学业有成！ 

赵兴洪博士，感谢你走进我的生命里，见证了我的博士生涯。你是上天给

予我最好的礼物，岁月漫漫，携手同行，未来可期！ 

 


	Cover-Hongping
	Propositions 0917 print
	Thesis HWan - 0917print



