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Abstract: Hydrophilic polymer coatings can improve the surface characteristics of artificial implants. However, 

because they are used in vivo, they inevitably come into contact with biomolecules that affect their interfacial 

tribological properties. In this paper, the friction behaviors of poly(vinylphosphonic acid) (PVPA)-modified 

Ti6Al4V and polytetrafluorethylene balls were analyzed using albumin, globulin, aggrecan, and hyaluronic 

acid as lubricants. The interaction properties and dynamic adsorption characteristics of the biomolecules 

and PVPA molecules were explored by a quartz crystal microbalance to identify the cause of the friction 

difference. It was found that protein molecules disturbed the superlubricity of the PVPA−phosphate-buffered 

saline system because of the formation of a stable adsorption film, which replaced the interfacial 

characteristics of the PVPA coating. Polysaccharides, with their excellent hydration properties and 

polymer structure, had an unstable dynamic interaction or zero adsorption with PVPA molecules, and 

hardly changed the superlubricity of the PVPA and phosphate-buffered-saline system. The influence 

mechanism of the specific friction of proteins and polysaccharides was analyzed. Interactions were 

observed among different biomolecules. Polysaccharides can potentially reduce protein adsorption. The 

result of the synergistic regulation of the friction coefficient for PVPA-modified Ti6Al4V is approximately 

0.017. The results of this study will provide a theoretical basis for the use of polymer coatings in vivo.  
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1  Introduction 

Artificial implants can help restore the functional 

movement/mobility of people suffering from joint 

disease or recovering from an accident. Current 

biomaterials research on artificial implants has 

focused on the improvement of wear resistance, such 

as metallic, polymeric, ceramic, and novel biomimetic 

materials and potential combinations of materials 

to extend the life of the implant [1]. Titanium alloy 

is one of the most widely used materials in artificial 

joints because of its excellent biocompatibility and 

good mechanical strength [2−4]. However, its 

applications are limited by their low wear resistance 

[5]. Attempts have been made to improve the tri-

bological properties of titanium alloys. In recent years, 

the application of surface texture [6], surface coatings, 

and modifications have realized superlubricity under 

certain conditions [7]. The superlubricity [8, 9] of 

natural joints in biological systems is an important 

target that needs to be achieved when designing 

artificial implants. 
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Surface modification of titanium alloys has been 

widely used to enhance its tribological properties 

[10−15]. Inspired by the ultralow friction of biological 

systems, surfaces have been modified with hydrophilic 

polymer brushes, which can effectively mimic the 

characteristics of natural cartilage. This method 

has attracted considerable attention [16]. 2-Metha-

cryloyloxyethyl phosphorylcholine has been widely 

researched [17−20] because of its unique amphoteric 

characteristics. In biological tissues, the main reasons 

for the low friction are the highly hydrated phospho-

choline groups, the strong van der Waals attraction 

between tails, and the suppressed interpenetration 

between two tribo-pairs [21]. Poly (ethylene glycol) 

(PEG) is a potential candidate for surface modification 

of titanium alloys. The chain length, grafting density, 

and branching structure of PEG have been investigated 

[22−25]. Sulfonic polymers also show good tribological 

properties [26]. When the phosphate group is 

hydrated, superlubricity occurs in the phosphonic 

polymer coating, which is not affected by different 

loads and speeds [27, 28].  

Considering the application of artificial implants 

in vivo, the modified surfaces inevitably come into 

contact with biomolecules in body fluids in addition 

to water molecules [29]. To the best of our knowledge, 

the inflammatory response is a major response related 

to the interface of artificial implants. For example, 

nonspecific protein adsorption is thought to trigger 

collagen layer formation, which then sends a signal to 

the immune system. Therefore, the interaction between 

biomolecules and implant surfaces has attracted 

the attention of numerous researchers. The hydration 

layer formed on the polymer surface is vital for 

protein adsorption. Hydrophilic polymers, such as 

PEG, polyacrylamide, and polyzwitterions, have 

been found to effectively resist the attachment of 

protein and bacteria [18, 30]. Furthermore, the cationic 

and anionic polymer layers exhibit significantly 

different characteristics compared with neutral 

hydrophilic polymer or zwitterionic polyelectrolyte 

surfaces, even though they all show high hydrophilicity 

[31]. Because the aqueous state has different effects 

on polymer properties [32], charged polymers exhibit 

much higher water adsorption and free water content 

than neutral and zwitterionic ones. The free water 

molecules around the polymer enhance protein 

resistance [33]. The denser the water layer, the higher 

the energy barrier to proteins [34]. Moreover, the 

various nanoarchitectures of different polymers 

act as a dual barrier against protein adsorption 

[35]. Nanostructured polymeric surfaces affect the 

orientation and order of protein adsorption [36].  

The adsorption of biomolecules (e.g., proteins) 

affects the tribological properties of the implant [37]. 

Usually, the proteins adsorbed on the interfaces can 

reduce wear [38−40]. Sliding also promotes protein 

adsorption [41]. There are several types of proteins 

in vivo that affect the tribological properties in 

different ways [42, 43]. A pin-on-disk test showed 

that albumin yielded a lower friction coefficient than 

globulin. However, both exhibited a higher friction 

coefficient and wear rate than bovine synovial fluid 

[44]. Furthermore, kinematic conditions substantially 

affect the function of proteins. Under pure rolling 

conditions, albumin plays a critical role, whereas 

globulin is more important under high-speed slide- 

roll conditions [45]. Other biomolecules within the 

synovial fluid also significantly affect the tribological 

properties. Polysaccharides are proposed to lower 

the friction coefficient [46]. As the main component 

of body fluids, hyaluronic acid (HA) influences the 

tribological properties and can prevent protein 

adsorption, especially inflammatory proteins [47, 48]. 

The synergistic effect makes the friction regulation 

mechanism very complex. The polymer-modified 

surface further aggravates the complexity. For 

example, the interaction between protein and the 

polymer surface is affected by the behavior of the 

protein, which affects the lubrication synergy [49]. 

Different biomolecules affect each other because of 

their varying interactions with polymer molecules. 

The synergistic effects (e.g., adsorption, adsorption 

interaction, and regulation of surface characteristics 

after adsorption) of these constituents in synovial 

fluid make the tribological properties of polymer- 

modified surfaces very complex. For water-based 

superlubricity systems, biomolecules induce a change 

from ultralow to high friction [50, 51]. Thus, the 

synergistic regulation mechanism of biomolecules 

that determines the tribological performance of 

polymer-modified surfaces needs to be identified. 
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In this study, we investigated the superlubricity 

properties of poly(vinylphosphonic acid) (PVPA)- 

modified Ti6Al4V affected by different biomolecules. 

The real-time adsorption of different proteins on the 

PVPA coating was first evaluated. The mechanism 

of proteins that regulates the tribological properties 

of PVPA interfaces was proposed, considering the 

adsorption specificity of PVPA coatings. Then, the 

action of adsorption and further friction of polysa-

ccharides were analyzed. Finally, the interactions 

between different biomolecules were explored. The 

synthetic effect of proteins and polysaccharides on 

the tribological properties of PVPA coatings was 

proposed. The proposed synthetic effect of biomolecule 

behavior on the tribological properties of PVPA 

coatings could serve as a guide for research on the 

superlubricity of hydrophilic polymers. 

2  Materials and methods 

2.1  Materials 

PVPA (97%) and phosphate-buffered saline (PBS, 

pH = 7.2) were provided by Sigma Aldrich (St. Louis, 

MO, USA). Albumin, globulin, and aggrecan (AGC), 

and HA were purchased from J&K Chemicals 

(Beijing, China). Ti6Al4V (100 mm × 100 mm) foils 

with a thickness of 1 mm were supplied by Goodfellow, 

Inc. (Cambridge, Uk). The titanium substrates were 

used in the modification, which was polished to 

smooth surfaces (Ra ≈ 2 nm). PTFE balls (D ≈ 6 mm) 

with a roughness of approximately 280 nm, were 

purchased from Taobao, Inc. All reagents mentioned 

above were used as received. 

2.2  Quartz crystal microbalance to explore the 

adsorption of biomolecules in real-time 

A quartz crystal microbalance (QCM)-D instrument 

(Q-sense E4 system, Biolin Scientific, Sweden) was 

used to measure the adsorption properties of the 

biomolecules. The changes in both resonance frequency 

(Δf ) and dissipation (ΔD ) were simultaneously 

measured to calculate the adsorption of biomolecules 

on TiO2-coated quartz crystal sensors with and without 

PVPA coating. A phosphoric acid buffer was used 

as the base liquid, and the baseline frequency signal 

was measured until it stabilized. The solution with 

biomolecules was injected into the sample cell at a 

flow rate of 0.1 mL/min at 37 ℃. When the adsorbed 

film was rigid with low viscoelasticity, the Sauerbrey 

equation [52] was used to convert the frequency 

changes into adsorbed mass changes (Δm ) according 

to the following expression: 

 Δ Δ /m C f n    (1) 

where C is a constant of 17.7 ngHz‒1·cm‒2, which is 

related to the properties of the quartz crystal, and 

n is the overtone of the oscillations. 

2.3  Universal microtribometer for the evaluation 

of tribological properties 

A universal microtribometer (UMT-3, BRUKER) 

was used to test the tribological behaviors of 

proteins and polysaccharides affecting the PVPA 

coating and bare Ti6Al4V. Another tribo-pair, the 

PTFE ball, was used to rub against Ti6Al4V. A recip-

rocating movement mode was chosen. The temperature 

during the sliding experiment was controlled at 37 ℃ 

to reflect the human body temperature. The initial 

contact pressure was approximately 25 MPa, whereas 

the average sliding speed was 12 mm/s.  

2.4  Microscopic observation of surface morphology 

after sliding 

The surface morphologies of wear scars and wear 

scratches after sliding were tested using a stereo-

microscope (BX53M, OLYMPUS, Japan). Before the 

test, the tribo-pairs were washed with PBS. The 

test areas were amplified by at least 100-fold to 

display the morphology. All the tests were repeated 

at least three times for each group.  

3  Results and discussion 

3.1  Tribological properties of PVPA-modified 

Ti6Al4V regulated by proteins based on 

interaction behaviors 

The friction experiments were performed in recip-

rocating mode with an initial load of 2.5 N at 37 ℃. 

Bare/PVPA-modified Ti6Al4V and PTFE balls were 

sampled as tribo-pairs. The reciprocating frequency 

was 2 Hz, which corresponds to a sliding speed of 
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12 mm/s. PBS was used as the basic solution. Different 

protein solutions were prepared according to their 

content in synovial fluid. The experimental results 

of the PVPA-modified surfaces are shown in Fig. 1. 

Albumin and globulin were found to increase the 

friction coefficient of PVPA-modified Ti6Al4V. 

The proteins disturbed the superlubricity (friction 

coefficient < 0.01) of the PVPA−PBS system. The 

influence of albumin was much more distinct than 

that of globulin. Unlike other surface topography 

after sliding, the protein solutions did not cause 

serious wear on the two tribo-pairs, but the friction 

coefficient was enhanced, as shown in Figs. 1(b) 

and 1(c). Thus, the larger friction coefficient was not 

caused by severe wear, and protein characteristics 

affect the friction coefficient.  

The effect of proteins on the friction interfaces 

was determined by the surface properties of the 

tribo-pairs. The sliding experiment on bare Ti6Al4V, 

 

 

 
 

Fig. 1  Tribological properties of PVPA-modified Ti6Al4V 
with different protein solutions as a lubricant: (a) friction 
coefficient versus time and wear morphologies of two 
tribo-pairs lubricated by (b) albumin solution and (c) globulin 
solution. 

which has weak hydrophilicity, shows that the effects 

of proteins differed from those on PVPA-modified 

Ti6Al4V, as shown in Fig. 2. The friction coefficient 

of the albumin and globulin solutions showed a 

decreasing trend over time. No significant difference 

was observed between the two types of proteins. 

Thus, the different interactions between proteins 

and PVPA molecules increased the variations in 

friction, as shown in Fig. 1.  

For the PVPA-modified Ti6Al4V, the PVPA coating 

itself can directly prevent asperity contact, and the 

influence of proteins on wear is negligible. However, 

the friction coefficient is determined by the surface 

hydration properties, especially for water-based 

superlubricity. Different proteins significantly affect 

the friction coefficient of PVPA-modified Ti6Al4V 

compared with bare Ti6Al4V. Because the polymer 

molecules of the modified surfaces can further 

regulate the behavior of proteins, various interactions 

can occur between proteins and PVPA molecules. 

Therefore, the protein adsorption behavior of the 

PVPA coating was further explored by QCM. 

The protein solutions that acted as lubricants in 

the friction experiments were analyzed. Figure 3 

shows the real-time adsorption process of albumin 

and globulin. When the PVPA-modified surfaces 

were immersed in protein solutions, the frequency 

decreased because of protein adsorption, as shown 

in Fig. 3(a1). Then, the PBS solution was added to 

rinse weakly adsorbed proteins from the surfaces. 

The frequency increased because of the few remaining 

stable proteins adsorbed on the surface, as shown 

in Fig. 3(a2). The frequency difference between 

 

 
 

Fig. 2  Friction coefficient of bare Ti6Al4V with different 
protein solutions as a lubricant. 
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adsorption and desorption was proportional to the 

stable adsorption mass. The calculation was performed 

using Eq. (2).  

 /m C f n      (2) 

In Eq. (2), C is a constant that depends on the 

intrinsic properties of quartz [53]. The value of C is 

17.7 ngHz‒1·cm‒2, and n (1, 3, 5, etc.) is the overtone 

number. In this study, the third overtone (n = 3) 

was selected for the computational analysis [54]. 

Figure 3(a1) shows that more albumin was adsorbed 

on the PVPA surface compared with globulin. A 

high desorption ratio was observed in the globulin 

adsorption process, as shown in Fig. 3(a2). The 

stable adsorption capacity of globulin, which was 

obtained by subtracting the desorption mass from 

the initial adsorption mass, is small. According to 

the change in dissipation (∆D), the dissipation of 

albumin and globulin is small enough (∆D < ∆f). 

Both the albumin and globulin adsorbed on the PVPA 

coating surface formed a rigid membrane, which is 

lightweight and thin, and was evenly distributed 

over the active area of the crystal membrane. The 

film thickness was obtained based on Eq. (3). The 

relative calculation results are shown in Table 1.  

   / / 100h C f n    (3) 

For globulin, a very thin film of approximately 

0.15 nm was formed on the PVPA-modified surfaces 

because of the unstable adsorption. Comparison 

with the results for bare Ti6Al4V in Fig. 3(b) and 

Table 1 show that the weak interaction between 

globulin and PVPA molecules is negligible. Therefore, 

the impact of the hydrogen properties of PVPA 

molecules is small. Figures 3(a1) and 3(a2) show that 

the adsorbed globulin molecules easily escaped 
 

 
 

Fig. 3  Adsorption behaviors of proteins measured by QCM. (a) PVPA-modified surfaces: (a1) the adsorption process, (a2) the 
desorption process; (b) bare Ti6Al4V surfaces: (b1) the adsorption process, (b2) the desorption process. 
 

Table 1  Protein adsorption and desorption results. 

Adsorption Desorption Net adsorption 
Protein 

Mass (ng/cm2) Thickness (nm) Mass (ng/cm2) Thickness (nm) Mass (ng/cm2) Thickness (nm)

Albumin (PVPA) 1315.70 13.1570 982.35 9.8235 333.35 3.3335 

Globulin (PVPA) 920.40 9.2040 905.65 9.0565 14.75 0.1475 

Albumin (bare) 1413.05 14.1305 964.65 9.6465 448.40 4.4840 

Globulin (bare) 1472.05 14.7205 908.60 9.0860 563.45 5.6345 
 



Friction 10(1): 94–109 (2022) 99 

www.Springer.com/journal/40544 | Friction 
 

from the surface. Most of the globulin molecules 

were removed when the PVPA coating was rinsed 

with PBS, which indicates the weak interaction 

between globulin and PVPA molecules. In other 

words, the dynamic motion of globulin on the PVPA 

coating surface is more violent compared with that 

of albumin. Tribological sliding behavior was not 

conducive to the formation of a globulin film. The 

coefficient of friction of the PVPA-modified surface 

in globulin solution increased slightly, as shown in 

Fig. 1. However, a more stable albumin film formed 

on the PVPA-modified surface, with a thickness of 

approximately 3.3 nm, which is 22 times that of 

globulin. The large stable albumin adsorption 

considerably affects the surface characteristics of 

the PVPA coating. The superlubricity was observed 

to have disappeared. Compared with the results of 

bare Ti6Al4V, whose interaction with protein is 

stronger, as shown in Fig. 3(b) and Table 1, the 

adsorbed albumin almost entirely covered the 

PVPA surface. A strong interaction was observed 

between the albumin and PVPA molecules, which 

has a large influence on friction properties.  

In conclusion, protein can affect the tribological 

properties of PVPA-modified systems. Their ad- 

sorption disturbs the hydration characteristics of PVPA 

molecules. Therefore, the stronger the interaction 

between albumin molecules and PVPA molecules 

is, the larger the friction coefficient is. When the 

protein interacts with PVPA-modified systems, the 

superlubricity disappears. The dynamic behavior 

of proteins on the PVPA-modified surfaces is more 

evident than that on bare Ti6Al4V because of the 

polymer molecules, which is beneficial for the 

requirement of a low friction coefficient. 

3.2  Tribological properties of PVPA-modified 

Ti6Al4V regulated by polysaccharides based 

on the interaction behaviors 

Apart from proteins, another important constituent 

in synovial fluid is polysaccharides. These have 

different effects on friction compared with proteins. 

Polysaccharide solutions were prepared as lubricants 

by adding the polysaccharides AGC and HA to 

PBS according to their content in synovial fluid. 

The resulting friction coefficients are shown in Fig. 

4(a). As polysaccharides were added, the friction 

coefficient increased compared with that of the 

PVPA−PBS system, indicating that the surface 

characteristics of the PVPA coating were also affected. 

The superlubricity of the PVPA−PBS system 

disappeared when AGC was added, while HA did 

not eliminate the superlubricity. This phenomenon 

supports the influence of proteins mentioned above. 

The protein-related structures in AGC is the reason 

why it has a greater effect on the superlubricity of 

the PVPA coating compared with HA. However, 

even for the AGC solution, the friction coefficient 

was only slightly elevated. Compared with the friction 

coefficients in the case of proteins (Fig. 1(a)), the 

influence of polysaccharides on the friction coefficient 

was smaller. The wear on the two tribo-pairs was 

also negligible, as shown in Figs. 4(b) and 4(c).  

The high hydration characteristics and similar 
 

 
 

Fig. 4  Tribological properties of PVPA-modified Ti6Al4V 
with different polysaccharide solutions as the lubricant: (a) 
friction coefficient versus time and wear morphologies of the 
two tribo-pairs lubricated by (b) AGC solution and (c) HA 
solution.  
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hydrophilic polymer structures of polysaccharides 

are the main reasons for their negligible effect on 

the hydrophilic polymer coating. The lubrication 

action of polysaccharides was proved by the behavior 

observed in bare Ti6Al4V, as shown in Fig. 5. The 

friction coefficient values with HA and AGC as 

lubricants were lower than those with PBS as a 

lubricant. This is because the water film that formed 

on the interfaces in water-based lubrication is 

important for friction. During the sliding experiment, 

the brush-like adsorption film formed by the AGC 

and HA molecules on bare Ti6Al4V surfaces improved 

the direct asperity contact and hydration properties. 

The higher the hydration characteristics and HA 

adsorption, the lower the friction coefficient compared 

with that of the AGC.  

However, why do the strong hydrophilic polymers 

of polysaccharides not promote the decrease in the 

friction coefficient of PVPA-modified surfaces? If 

there is a complete lubricating film, the viscous 

resistance regulated by the viscosity of lubricants 

is critical when the friction coefficient is very low; 

for example, within the range of superlubricity. 

The viscosity of different polysaccharide lubricants 

was tested, and the results are shown in Fig. 6. The 

viscosity of the HA solution was approximately 

7.317 × 10‒3 Pa·s, which is higher than that of AGC 

(approximately 0.9134 × 10‒3 Pa·s). The viscosity of 

the PBS solution was approximately 0.695 × 10‒3 

Pa·s, which is the lowest. Then, the theoretical 

hydrodynamic film thickness was calculated (Fig. 

S1(Electronic Supplementary Material, ESM)). For 

the PVPA-modified Ti6Al4V, the thickness of the 

 

 
 

Fig. 5  Friction coefficient of bare Ti6Al4V with different 
polysaccharide solutions as a lubricant. 

lubricating film after polysaccharide adsorption 

was less than 6 nm. Irrespective of whether the 

lubrication film thickness increased or decreased, 

the film thickness ratio was less than 0.03 (Fig. 

S1(ESM))). This indicates that regardless of the 

difference in viscosity, the lubrication condition is 

always in the boundary lubrication state. Therefore, 

the different interactions between polysaccharides 

and PVPA molecules were explored to identify the 

factors influencing the friction performance. 

The interfacial behaviors of the polysaccharides 

were explored by QCM. The polysaccharide solutions 

that acted as lubricants in the friction experiments 

were used. Figure 7 shows the adsorption process 

of solutions with AGC and HA. The values of the 

adsorption mass and film thickness were calculated 

using Eqs. (2) and (3), respectively; the results are 

listed in Table 2. No AGC adsorption or desorption 

behaviors were observed on the PVPA-modified 

surfaces, as shown in Fig. 7(a), which confirmed 

the absence of interactions between the AGC and 

PVPA molecules. The tube brush-like structure of 

AGC molecules promoted the formation of a 

strongly hydrated sheath [55, 56]. Because of the 

lower content of AGC molecules in the solution, 

an AGC hydration microgel was speculated to 

have formed and distributed within the solution. 

The water around the microgel showed adsorption 

inertia, even for bare Ti6Al4V, as shown in Fig. 

7(b). However, the existence of the AGC hydration 

microgel increased the viscosity of the lubricant. 

The slightly increased friction coefficient is related 

to the viscous resistance of the lubricant because 

 

 
 

Fig. 6  Viscosity of different polysaccharide solutions. 
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there was no interaction between the AGC and 

PVPA molecules. A completely different phenomenon 

was observed in the case of HA. The interaction 

between HA and PVPA molecules was very active. 

HA molecules showed a high dynamic movement. 

Figure 7(a1) shows the adsorption capacities when 

the PVPA-modified surfaces were immersed in the 

HA solution. Almost all the adsorbed HA molecules 

were desorbed from the PVPA molecules after PBS 

was added to the adsorbed surfaces, as shown in 

Fig. 7(a2). Stably adsorbed HA molecules were not 

observed on the modified surfaces. Owing to the 

high hydration properties of HA, a hydration 

lubrication layer formed on the PVPA interfaces 

even when only a small amount of HA was absorbed. 

Correspondingly, since the hydration lubrication 

layer was formed on the PVPA interfaces, super-

lubricity can be obtained similar to that lubricated 

by pure PBS. However, the viscosity of the HA 

solution was higher than that of the pure PBS 

solution. The synergistic effect of the two factors 

leads to a slightly larger final friction coefficient. 

Polysaccharides tend to be adsorbed at low levels 

on PVPA-modified surfaces because of their hydr-

ophilic polymer characteristics. The calculated film 

thickness confirmed that they were in the boundary 

lubrication range. Therefore, because of their similar 

hydrophilic potential, an effective hydration layer 

was formed on the friction interfaces, regardless of 

whether the polysaccharide molecules were adsorbed 
 

 
 

Fig. 7 Polysaccharide adsorption is measured by QCM. (a) PVPA-modified Ti6Al4V: (a1) the adsorption process, (a2) the 
desorption process; (b) bare Ti6Al4V: (b1) the adsorption process, (b2) the desorption process. 

  
Table 2  Polysaccharide adsorption and desorption results. 

Adsorption Desorption Net adsorption 
Polysaccharide 

Mass (ng/cm2) Thickness (nm) Mass (ng/cm2) Thickness (nm) Mass (ng/cm2) Thickness (nm)

AGC (PVPA) 0 0 0 0 0 0 

HA (PVPA) 917.45 9.1745 914.50 9.1450 2.95 0.0295 

AGC (bare) 17.70 0.1770 11.80 0.1180 5.90 0.0590 

HA (bare) 1138.70 11.3870 882.05 8.8205 256.65 2.5665 
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or not, and the superlubricity did not disappear. 

Furthermore, the lower the viscosity is, the smaller 

the friction coefficient is. The excellent resistance 

of polysaccharide biomolecules to PVPA coatings 

is beneficial for the application of PVPA in vivo. 

3.3  Synergistic regulation mechanism of biomo-

lecule adsorption–friction properties 

The tribological properties of implants in vivo are 

caused by the combination of all types of biomole-

cules. To determine the synergy, albumin, globulin, 

AGC, and HA were combined in PBS according to 

their relative content in synovial fluid. The friction 

experiments were performed using the same para-

meters as above. The friction coefficients are shown 

in Fig. 8. For bare Ti6Al4V, the friction coefficient 

in the mixed solution was approximately 0.030, 

which is closer to that of the protein solution as a 

lubricant than that of the polysaccharide as a 

lubricant. In other words, the interface properties 

are mainly controlled by proteins rather than the 

synergistic action of different biomolecules. This is 

because protein adsorption is prioritized over 

polysaccharide adsorption when bare Ti6Al4V is 

immersed in the mixed solution. This is evident in 

the comparison of the dynamic adsorption behavior 

of different biomolecules in Figs. 3(b) and 7(b). 

However, the tribological properties of PVPA 

surfaces become more complex because of the 

interaction with different polymer molecules. The 

friction coefficient of the PVPA-modified Ti6Al4V 

in the mixed solution was approximately 0.017,  

which is between those of albumin, globulin, AGC, 

and HA. For the PVPA molecules, a preferential 

interaction occurred between proteins and PVPA 

molecules, as shown by the QCM measurement 

above (Figs. 3(a) and 7(a)). Notably, because the 

protein molecules displayed high dynamic movement 

owing to the higher protein resistance of the PVPA 

coating, the adsorption film was unstable. HA 

molecules were also found to be adsorbed on the 

PVPA coatings. The properties of the interfaces were 

regulated by both proteins and polysaccharides. 

Therefore, the friction coefficient of the surface 

lubricated by the mixed solution was lower than 

that of the surface lubricated by the protein solution 

and higher than that of the surface lubricated by 

polysaccharide solution.  

Additional comparison experiments were performed 

to identify the mechanism of synergy. The competing 

interactions between biomolecules and PVPA 

molecules and the mutual responses of different 

biomolecules were explored by solution mixing 

during sliding. During the sliding experiment, 

when the protein solution (consisting of albumin 

and globulin) was added to the polysaccharide 

lubricant (consisting of AGC and HA), the friction 

coefficient suddenly increased from 0.014 to 0.023, 

as shown by the magenta line in Fig. 9(a). This 

indicates that proteins selectively interacted with 

PVPA molecules, and the adsorption of polysaccharide 

molecules was negligible and unstable. When protein 

molecules were added to the lubricant, the interaction 

between the polysaccharide and PVPA molecules 

could be easily replaced by the interaction between 

the protein and PVPA molecules, thus covering 

 

 
 

Fig. 8  Friction coefficient versus time for (a) bare Ti6Al4V and (b) PVPA-modified Ti6Al4V in mixed solution, proteins, and 
polysaccharides.  
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the PVPA coating interface with the protein. The 

protein adsorption film, which causes more serious 

damage to the hydration characteristics of interfaces, 

determines the tribological properties. Therefore, 

the friction coefficient increased. However, when 

the experimental process was reversed and the 

polysaccharide solution was added to the protein 

solution during sliding, the friction coefficient 

slightly decreased, as shown by the cyan line in 

Fig. 9(a). This phenomenon not only proves the 

critical role of protein, but also emphasizes the 

dynamic behavior of protein molecules on the 

PVPA coating interfaces; that is, the PVPA coating 

is more protein-resistant (especially for globulin) 

than bare Ti6Al4V. Some HA molecules can partially 

replace the adsorbed protein molecules and reduce 

protein adsorption. The friction coefficient was 

also slightly reduced.  

For different protein molecules, the interaction 

given the highest priority with PVPA molecules is 

that with albumin, as shown in Fig. 9(b). The 

friction state under globulin lubrication is easily 

destroyed by albumin, as indicated by the red line 

in Fig. 9(b). The friction coefficient increased when 

the albumin solution was added to the globulin 

solution during sliding. Meanwhile, the interaction 

between albumin and PVPA molecules is strong. 

The friction coefficient was not altered by globulin, 

as shown by the gray line in Fig. 9(b). However, no 

complete adsorption was observed between the 

polysaccharides, as shown in Fig. 9(c). The friction 

states were not affected by the mixed solution of 

HA and AGC. The inherent hydration and polymer 

structure of polysaccharide biomacromolecules are 

advantageous because of the stronger resistance of 

PVPA molecules to the polysaccharides, such as 

AGC; it is beneficial for the formation of the hydration 

layer. The adsorption capacity of polysaccharides 

is weak, and their influence on the tribological 

properties is attributed to hydration and viscosity. 

The ultralow friction was maintained. 

The competitive adsorption of different biomolecules 

was verified by QCM experiments, as shown in Fig. 10. 

Following the stable adsorption of polysaccharide  

 

   
 

Fig. 9  Comparison of interaction behaviors of different biomolecules: (a) protein and polysaccharide, (b) albumin and 
globulin, and (c) AGC and HA. 

 

   
 

Fig. 10  Competitive adsorption measured by QCM: (a) protein and polysaccharide, (b) albumin and globulin, and (c) AGC 
and HA. 
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molecules, the introduction of protein molecules 

further reduced the frequency, as shown by the 

magenta line in Fig. 10(a); this means that adsorption 

of protein molecules can continue on the PVPA 

coating. Therefore, the friction coefficient was 

significantly increased when the protein solution 

was added to the polysaccharide solution. In other 

words, proteins display stronger and more competitive 

adsorption behavior compared with polysaccharides. 

The vibration frequency of QCM increased after 

the introduction of polysaccharides, as shown by 

the cyan line in Fig. 10(a). This means that adsorption 

of polysaccharide molecules not only continued, 

but also reduced the adsorption of protein molecules. 

The slight change in adsorption had little effect on 

the friction coefficient. 

Similar QCM comparison experiments on globulin/ 

albumin mixing were performed, as shown in Fig. 

10(b). It was found that the adsorption of albumin 

molecules on the PVPA coating continued after 

stable globulin adsorption, as shown by the red 

line in Fig. 10(b). That is, the adsorption of albumin 

is more competitive than that of globulin. This is 

the reason for the increase in friction coefficient 

when albumin was added to the globulin solution, 

as shown by the red line in Fig. 9(b). In contrast, 

the adsorption of globulin molecules ceased after 

the stable adsorption of albumin molecules, and 

caused partial desorption of the adsorbed albumin 

molecules, as shown by the gray line in Fig. 10(b). 

When the globulin was added to the albumin 

solution, the friction coefficient decreased slightly, 

as shown by the gray line in Fig. 9(b). 

For the QCM comparison experiment on AGC/ 

HA mixing, it was found that AGC molecules 

could not be adsorbed on the PVPA surface, while 

HA molecules were steadily adsorbed. When AGC 

was added to the HA solution, as shown by the 

blue line in Fig. 10(c), the stable adsorption state of 

HA remained unchanged. The friction coefficient 

also did not change. However, when HA was 

added to AGC, a large number of HA molecules 

are continuously adsorbed, as shown by the green 

line in Fig. 10(c). Despite competitive adsorption, a 

sudden change in the friction coefficient did not 

occur owing to the similar strong hydrophilic 

property of polysaccharide molecules. 

These results show that both proteins and poly-

saccharides affect friction, but through different 

mechanisms. Proteins are more likely to adsorb on 

the PVPA coatings, especially albumin, compared 

with polysaccharides. Then, the protein film that formed 

determined the friction results. For polysaccharides, 

the high hydrophilicity and unstable dynamic 

adsorption had a small impact on the adsorption 

film. Both hydration and viscosity affected the 

friction coefficient. Polysaccharide molecules reduced 

the adsorption between proteins and PVPA molecules, 

and friction was affected by their synergistic action. 

Therefore, when the mixed solution was used as a 

lubricant, despite the preferential adsorption of 

proteins on the PVPA coating, some polysaccharide 

molecules can replace the adsorbed protein molecules, 

thus reducing the amount of protein adsorption, as 

shown in Fig. 11. With the comprehensive action of 

biomolecules, the friction coefficient under the 

lubrication of the mixed solution is 0.017. 

4  Conclusions 

The superlubricity properties of PVPA-modified 

Ti6Al4V were influenced by biomolecules in different 

ways. Compared with polysaccharides, proteins 

displayed stronger interactions with PVPA molecules, 

which promoted protein film formation. The stronger 

interaction between albumin and PVPA led to a 

larger friction coefficient compared with that of 

globulin. Because of their hydrophilic properties 

and polymer structure, polysaccharides display 

high adsorption dynamics, leading to unstable 

interactions with PVPA molecules. In particular, 

no AGC molecule adsorption occurred on the PVPA- 

modified surfaces. Because the interaction between 

polysaccharides and PVPA is negligible, the tribological 

 

 
 

Fig. 11  Synergistic action of different biomolecules on 
friction. 
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behavior is slightly affected by the polysaccharide 

adsorption film. The effective hydration lubrication 

layer still determines the superlubricity. The lower 

viscosity of the polysaccharide solution corresponds 

to a smaller friction coefficient. There is competition 

for interaction among different biomolecules. Poly-

saccharides have the potential to reduce protein 

adsorption. The proposed synthetic effect of bio- 

molecule behaviors on the tribological properties 

of PVPA coatings can serve as a guide for research 

on the superlubricity of hydrophilic polymers. 
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