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Chapter 2 

Next generation salivary lubrication enhancer derived from 

recombinant supercharged polypeptides for xerostomia 

Hongping Wan, Chao Ma, Jeroen Vinke, Arjan Vissink, Andreas Herrmann, 

Prashant K. Sharma. ACS Applied Materials & Interfaces, 2020, 12,31, 34524–

34535. 

Reproduced with permission from ACS publications.  
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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 

C
h

a
p

te
r 2

 



Chapter 2 

20 

 

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 



Chapter 2 

23 

 

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.  

  



Chapter 2 

37 

 

References 

(1)  Seror, J.; Zhu, L.; Goldberg, R.; Day, A. J.; Klein, J. Nat. Commun. 2015, 6, 6497. 
(2)  Dejak, B.; Młotkowski, A.; Romanowicz, M. J. Prosthet. Dent. 2003, 90 (6), 591–

597. 
(3)  Coles, J. M.; Chang, D. P.; Zauscher, S. Curr. Opin. Colloid Interface Sci. 2010, 15 

(6), 406–416. 
(4)  Lee, S.; Spencer, N. D. Science (80-. ). 2008, 319, 575–576. 
(5)  Herrmann, G.; Müller, K.; Behr, M.; Hahnel, S. Z. Gerontol. Geriatr. 2017, 50 (2), 

145–150. 
(6)  Cooper, B. G.; Catalina Bordeianu; Nazarian, A.; Snyder, B. D.; Grinstaff, M. W. 

Biomaterials 2018, 181 (2018), 210–226. 
(7)  Jellema, A. P.; Slotman, B. J.; Doornaert, P.; Leemans, C. R.; Langendijk, J. A. Int. 

J. Radiat. Oncol. Biol. Phys. 2007, 69 (3), 751–760. 
(8)  Yakubov, G. E.; McColl, J.; Bongaerts, J. H. H.; Ramsden, J. J. Langmuir 2009, 25 

(4), 2313–2321. 
(9)  Lee, S.; Müller, M.; Rezwan, K.; Spencer, N. D. Langmuir 2005, 21 (18), 8344–

8353. 
(10)  Hahnel, S.; Behr, M.; Handel, G.; Bürgers, R. Support. care cancer 2009, 17 (11), 

1331–1343. 
(11)  2007, 138 (July), 2007. 
(12)  Hatton, M. N.; Levine, M. J.; Margarone, J. E.; Aguirre, A. J. Oral Maxillofac. 

Surg. 1987, 45 (6), 496–499. 
(13)  Chałas, R.; Rykwa, D.; Łabno, P. Curr. Issues Pharm. Med. Sci. 2012, 25 (1), 52–

54. 
(14)  Preetha, A.; Banerjee, R. Trends Biomater. Artif. Organs 2005, 18 (2), 178–186. 
(15)  Vinke, J.; Kaper, H. J.; Vissink, A.; Sharma, P. K. Clin. Oral Investig. 2020. 
(16)  Veeregowda, D. H.; Kolbe, A.; Van Der Mei, H. C.; Busscher, H. J.; Herrmann, A.; 

Sharma, P. K. Adv. Mater. 2013, 25 (25), 3426–3431. 
(17)  Sharma, P. K.; Herrmann, A.; Kolbe, A.; Veeregowda, D. H.; van der Mei, H. C.; 

Busscher, H. J. Biolubricant Polypeptides and Therapeutic Uses Thereof. 
9334312 B2, 2016. 

(18)  Vinke, J.; Kaper, H. J.; Vissink, A.; Sharma, P. K. Sci. Rep. 2018, 8 (1), 9087. 
(19)  Shiboski, C. H.; Shiboski, S. C.; Seror, R.; Criswell, L. A.; Labetoulle, M.; Lietman, 

T. M.; Rasmussen, A.; Scofield, H.; Vitali, C.; Bowman, S. J.; Mariette, X.; 
Heidenreich, A. M.; Lanfranchi, H.; Vollenweider, C.; Schiødt, M.; Devauchelle, 
V.; Gottenberg, J. E.; Saraux, A.; Pincemin, M.; Dörner, T.; Tzoufias, A.; Baldini, 
C.; Bombardieri, S.; De Vita, S.; Kitagawa, K.; Sumida, T.; Umehara, H.; Bootsma, 
H.; Kruize, A. A.; Radstake, T. R.; Vissink, A.; Jonsson, R.; Ramos-Casals, M.; 
Theander, E.; Challacombe, S.; Fisher, B.; Kirkham, B.; Larkin, G.; Ng, F.; Rauz, S.; 
Akpek, E.; Atkinson, J.; Baer, A. N.; Carsons, S.; Carteron, N.; Daniels, T.; Fox, B.; 
Greenspan, J.; Illei, G.; Nelson, D.; Parke, A.; Pillemer, S.; Segal, B.; Sivils, K.; 
St.Clair, E. W.; Stone, D.; Vivino, F.; Wu, A. Arthritis Rheumatol. 2017, 69 (1), 
35–45. 

C
h

a
p

te
r 2

 



Chapter 2 

38 

 

(20)  Thomson, W. M.; Williams, S. M.; Thomsonr, W. M.; Chalmers, J. M.; Spencer, 
A. J.; Williams, S. M. 1999, 16 (April), 12–17. 

(21)  van der Putten, G. J.; Brand, H. S.; Schols, J. M. G. A.; de Baat, C. Clin. Oral 
Investig. 2011, 15 (2), 185–192. 

(22)  Ducker, W. A.; Senden, T. J.; Pashley, R. M. Nature 1991, 353 (6341), 239. 
(23)  Hou, J.; Veeregowda, D. H.; van de Belt-Gritter, B.; Busscher, H. J.; van der Mei, 

H. C. Appl. Environ. Microbiol. 2018, 84 (1), 1–14. 
(24)  Kontturi, K. S.; Tammelin, T.; Johansson, L. S.; Stenius, P. Langmuir 2008, 24 (9), 

4743–4749. 
(25)  Dolatshahi-Pirouz, A.; Rechendorff, K.; Hovgaard, M. B.; Foss, M.; Chevallier, J.; 

Besenbacher, F. Colloids Surfaces B Biointerfaces 2008, 66 (1), 53–59. 
(26)  Macakova, L.; Yakubov, G. E.; Plunkett, M. A.; Stokes, J. R. Colloids Surfaces B 

Biointerfaces 2010, 77 (1), 31–39. 
(27)  Macakova, L.; Yakubov, G. E.; Plunkett, M. A.; Stokes, J. R. Tribiology Int. 2011, 

44 (9), 956–962. 
(28)  Salour, F. Moisture Influence on Structural Behaviour of Pavements; 2015. 
(29)  Urueña, J. M.; Pitenis, A. A.; Nixon, R. M.; Schulze, K. D.; Angelini, T. E.; Gregory 

Sawyer, W. Biotribology 2015, 1–2, 24–29. 
(30)  Dedinaite, A.; Thormann, E.; Olanya, G.; Claesson, P. M.; Nyström, B.; Kjøniksen, 

A. L.; Zhu, K. Soft Matter 2010, 6 (11), 2489–2498. 
(31)  Wan, H.; Ren, K.; Kaper, H. J.; Sharma, P. K. Colloids Surfaces B Biointerfaces 

2020, 110977. 
(32)  Chaudhury, N. M. A.; Shirlaw, P.; Pramanik, R.; Carpenter, G. H.; Proctor, G. B. 

2015. 
(33)  Agha-Hosseini, F.; Imanpour, M.; Mirzaii-Dizgah, I.; Moosavi, M.-S. Sci. Rep. 

2017, 7 (1), 12060. 
(34)  Zhao, W.; Wang, Y.; Wang, L.; Bai, M.; Xue, Q. Colloids Surfaces A Physicochem. 

Eng. Asp. 2010, 361 (1–3), 118–125. 
(35)  Pu, J.; Jiang, D.; Mo, Y.; Wang, L.; Xue, Q. Surf. Coatings Technol. 2011, 205 (20), 

4855–4863. 
(36)  Song, L.; Hou, J.; Van Der Mei, H. C.; Veeregowda, D. H.; Busscher, H. J.; 

Sjollema, J. J. Dent. Res. 2016, 95 (7), 793–799. 
(37)  Adamczak, M. I.; Martinsen, G.; Smistad, G.; Hiorth, M. Int. J. Pharm. 2017, 527 

(1–2), 72–78. 
(38)  Wang, X.; Du, M.; Han, H.; Song, Y.; Zheng, Q. Langmuir 2015, 31 (16), 4733–

4740. 
(39)  Bongaerts, J. H. H.; Rossetti, D.; Stokes, J. R. Tribol. Lett. 2007, 27 (3), 277–287. 
(40)  Peng, C. C.; Cerretani, C.; Braun, R. J.; Radke, C. J. Adv. Colloid Interface Sci. 

2014, 206, 250–264. 
(41)  Jahn, S.; Seror, J.; Klein, J. Annu. Rev. Biomed. Eng. 2016, 18 (1), 235–258. 
(42)  Al-hashimi, I. Drugs Aging 2005, 22 (11), 887–899. 
(43)  Gipson, I. K.; Hori, Y.; Argüeso, P. Ocul. Surf. 2004, 2 (2), 131–148. 
(44)  Neu, C. P.; Reddi,  a H.; Komvopoulos, K.; Schmid, T. M.; Di Cesare, P. E. 

Arthritis Rheum. 2010, 62 (9), 2680–2687. 



Chapter 2 

39 

 

(45)  McDaniel, J. R.; MacKay, J. A.; Quiroz, F. G.; Chilkoti, A. Biomacromolecules 
2010, 11 (4), 944–952. 

(46)  Veeregowda, D. H.; Busscher, H. J.; Vissink, A.; Jager, D. J.; Sharma, P. K.; van 
der Mei, H. C. PLoS One 2012, 7 (8).  

C
h

a
p

te
r 2

 



Chapter 2 

40 

 

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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