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Poly (vinyl alcohol) (PVA) hydrogel is one of the anticipated materials for artificial cartilage. In our previous studies, wear of

PVA hydrogel depended on content of proteins in lubricants. The secondary structures of bovine serum albumin (BSA) and human

gamma globulin (HGG) were investigated in circular dichroism spectroscopy to clarify the influence of the proteins on frictional

properties. BSA and HGG were mainly composed of the a-helix and the b-sheet, respectively. BSA containing the a-helix structure

showed low friction compared to HGG composed of the b-sheet structure in mixed or boundary lubrication mode. The a-helix
structure forms low shear layer because the a-helix structure is easily released from surfaces and low cohesive strength. HGG forms

uniform adsorption layer, but showed higher friction than BSA in the rubbing with single protein. In the repeated rubbing with

changing of lubricants from HGG to BSA, however, the final friction was reduced, because an optimum layered structure of

proteins was formed. Hence, layered structure of proteins appears to play an important role to protect rubbing surfaces and to

reduce friction. In heat treatment tests, heat-induced BSA showed very low friction because of reduction of the a-helix structure.

Heat-induced HGG did not show large differences from native HGG, but could not bring low friction with heat-induced BSA.

Thus it was shown that the protein conformation has effective influences on friction.
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1. Introduction

For many years joint prostheses have been applied to
clinical use and have resulted in recovery of daily
activities and releasing from pains for patients with
osteoarthritis, rheumatoid arthritis, or related damage.
Joint prosthesis is mainly composed of a sliding pair of
ultra-high molecular weight polyethylene (UHMWPE)
and corrosion-resistant metal or ceramics. In most pa-
tients, wear of UHMWPE determines a limit of dura-
bility for joint prosthesis, which is about 10–20 years.
The wear problem of UHMWPE is not fully overcome
but still a major issue for biotribologists and orthope-
dists [1–4]. Recently as a useful solution of this matter, a
pair of hard-on-hard materials, i.e., ceramic material or
corrosion-resistant metal against itself was used as
rubbing surfaces of artificial joints. Many researchers
study on the effect of gamma ray irradiation to
UHMWPE to enhance the wear resistance by increasing
cross-linking of molecules [5]. These prostheses could
reduce wear of rubbing materials. In the prostheses
composed of these materials, however, the full fluid film
lubrication is not expected in various daily activities,
and thus certain wear is inevitable. In contrast, the
application of compliant artificial cartilage is expected
to enhance the effective fluid film formation in various

activities as pointed out by Dowson [6]. Although elastic
deformation of soft artificial cartilage is effective in
elastohydrodynamic lubrication film formation, the
considerable wear occurs due to a lack of mechanical
strength under severe conditions with local direct con-
tact. Therefore, the study for effective and well-directed
protection of compliant artificial cartilage is required.

It is pointed out that the existence of protein and lipid
in lubricant is important for joint prosthesis lubrication
[7–9]. It is known in certain cases that lubricants con-
taining proteins and/or lipids show low friction and low
wear in a sliding pair of materials for joint prostheses.
Proteins and lipids adsorb on material surfaces and
construct a film of proteins or lipids as an effective
boundary layer. Therefore lubricants containing
appropriate proteins or lipids show low friction and low
wear. In other cases, however, the existence of proteins
and/or lipids increases friction and wear depending on
frictional test conditions; the severity is controlled by
concentration of proteins or lipids in lubricants, applied
load, and sliding speed. Proteins and lipids can interfere
or react with rubbing surfaces, under some conditions. It
is noticed that protein has two kinds of different roles
that enhance lubricating ability in some cases but rein-
force adhesion between rubbing surfaces in other cases
[7–9]. Therefore, it is important to establish rubbing
conditions to suppress adverse effects of proteins and
lipids. In this paper, we focus the influence of adsorbed
protein film on friction and wear of artificial cartilage.
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In our previous study [10] on poly (vinyl alcohol)
hydrogel (PVA hydrogel) with an optimum material
properties [11] as one of candidate materials for artificial
cartilage, we showed that albumin and gamma-globulin
both of which are included in natural synovial fluid,
adsorbed on rubbing surfaces and had remarkable
effects on wear of PVA hydrogel as shown in figure 1
[10]. The wear grade for a sliding pair of PVA hydrogel
against itself is defined as the summed values of wear
severity for the upper and lower specimens, where the
wear severity was classified as 5 grades based on the
observation of rubbing surface by optical microscope.
The wear of PVA hydrogel depended on content and
A/G ratio (ratio of albumin to gamma-globulin) of
proteins in hyaluronate (HA) solution. For lubricants
containing single protein, an increase in concentration
of protein increased the wear grade as indicated by ar-
rows in figure 1. For lubricants containing both albumin
and gamma-globulin, excessive protein concentration in
lubricants at 2.8 wt% showed severe wear because of
random formation of adsorbed protein film. However,
wear of PVA hydrogel was remarkably reduced at both
of total content of 2.1 wt% and A/G ratio of 1/2 or 2/1.
Then, we observed adsorption of proteins on a glass
plate in fluorescent microscope by labeling proteins with
fluorescent dye [12]. In these low wear cases the adsorbed
protein film formed a regular structure of layered proteins
of albumin and gamma-globulin as shown in figure 2(a).
In contrast, in high wear case for higher protein con-
centration, the adsorbed film was formed as a separated
structure as shown in figure 2(b). Therefore it is con-
cluded that construction of layered protein film of
albumin and gamma-globulin is essential for reducing
wear of PVA hydrogel [10].

At the present stage, the detailed mechanisms of
formation of protein-adsorbed layer on the surfaces of
artificial cartilage are not well known. It is important

to clarify the formation mechanisms of protein
boundary film with good lubricating ability. It is con-
sidered that adsorptive abilities of proteins are affected
by various properties such as molecular weight of
proteins, electrical charge, hydrophilic, or hydrophobic
properties of proteins and artificial materials, pH of
solutions and other characteristics of proteins. But it is
difficult to change the only one of the properties, for
example, a change of pH modifies electric charge
property. Therefore, we have to investigate compre-
hensive mechanisms of protein adsorption. Although
the complete primary, secondary, tertiary, and quater-
nary structures of intact albumin and gamma-globulin
are known [13–15], the protein conformation is affected
by the above properties, and is closely related with
other properties. Hence, we considered that the protein
conformation is the key factor of protein adsorption
and focused on the secondary conformation of pro-
teins. For this purpose, CD data can indicate the
changes in conformation of globular proteins as the
secondary structure.

The aim of this study is to clarify the mechanisms of
protein adsorption as boundary film in order to design
the boundary film with lubricating ability of reducing
friction and wear for PVA hydrogel.

2. Experimental method

2.1. Protein solution

Bovine serum albumin (BSA) (Wako Pure Chemical
Industries Ltd., Japan) and human serum gamma-
globulin (HGG) (Wako Pure Chemical Industries Ltd.,
Japan) were used as additives. Proteins were mixed into
saline and stored at 4 �C in a refrigerator for one night
to diffuse proteins for circular dichroism (CD) mea-
surement and for friction test as lubricants. For the
measurement and evaluation of conformational change
of protein, bottles filled with protein solution were kept
in an oven at 60, 70, and 80 �C for 2 h.
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Figure 1. Influence of protein constituents on wear for sliding pair of

PVA hydrogel in the previous study [10].

Figure 2. Fluorescent images of adsorbed protein film. Green and red

area means c-globulin and albumin, respectively. (a) Low wear con-

dition (0.7 wt% albumin and 1.4 wt% c-globulin) (b) High wear

condition (1.4 wt% albumin and 1.4 wt% c-globulin) [12].
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2.2. CD measurement

Conformational changes of protein were measured by
the CD method. The CD spectra were recorded from
250 to 190 nm on a CD spectrophotometer (J-720,
JASCO Co. Ltd., Japan), using a synthesis quartz cuv-
ette with 1 mm optical path length at room temperature.
Samples were prepared at the content of 0.7 mg/mL
solution. Each sample was scanned for five times, and
averaged CD signal was used in analysis on the sec-
ondary structure of proteins.

The change in the a-helix content of BSA was con-
sidered to be an indicator of the denatured degree
of native structure of BSA, and the b-sheet content of
HGG was considered to be as the denatured degree of
native structure of HGG.

The content of secondary structure and denature
degree were determined from the ellipticity at 208 nm
for BSA and at 217 nm for HGG. The ellipticity of poly-
L-lysine was used as the standard of a-helix [14]. The loss
of a-helix was calculated using the following equation
[16,17]:

[h]=h / (10 � C � L) (deg cm2/dmol)

C=(Co / Mo) � 1000

a - helix content %ð Þ ¼ h½ �208�4000
� �

= 33000 - 4000ð Þ

Here, h is the ellipticity in deg cm2/dmol, L is the optical
path length in cm, C is the molar concentration inM, Co

is the concentration (lg/mL), and Mo is the mean resi-
due weight. The content of the b-sheet was calculated
using the results of Vermeer et al. [13].

2.3. Frictional tests

The reciprocating friction apparatus (shown in
figure 3) [11] was used to investigate the influence of
the lubricants containing proteins on the frictional
properties. The sliding surfaces are composed of PVA
hydrogel, and a glass plate. PVA hydrogel which has
water content of 79 wt% and elastic modulus of
1.2 MPa, is the stationary upper specimen of elliptical
geometry with diameters of 25 mm and 40 mm, and
the glass plate is the reciprocating lower one. Fric-
tional force was measured by strain gauges attached
with supporting plate for the upper specimen. The
frictional test conditions were chosen according to the
previous study [11] and the frictional conditions were
realized by the mixed or boundary lubrication mode
to evaluate the lubricating properties of adsorbed
protein films on rubbing surfaces under severe con-
dition as follows: load: 2.94 N, average contact pres-
sure: 0.24 MPa, sliding speed: 20 mm/s, sliding
distance: 800 m.

Saline solution containing BSA or HGG at con-
centration of 0.7 wt% was used as lubricant. The pH

of BSA solution and HGG solution was 7.1 and 7.2,
respectively. The pH of saline solution containing
heat-induced protein was not changed from native
protein solution. The lubricant was changed either
from BSA solution to HGG solution or from HGG
solution to BSA solution after each 200 m of sliding
distance.

3. Results

3.1. CD measurement

CD spectra of native BSA had peaks at 208 and
222 nm as shown in figure 4. These were typical a-helix
spectra and showed that native BSA is mainly con-
structed from the a-helix. The a-helix content of BSA is
from 60 to 67% [14,15]. Heat-induced BSA showed
smaller peaks compared to native BSA. This means that
heat-induced BSA changes secondary conformation
from a-helix to random coil [16].

CD spectra of native HGG had peaks at 217 nm as
shown in figure 5. It is known that the b-sheet has peak
at 217 nm [13]. Therefore we showed that much of HGG
is constructed from the b-sheet. Heated HGG was
changed with secondary structure as shown in figure 5.
The spectra of heated HGG at 60 and 70 �C showed an
increase of a peak at 217 nm. This means that heat-
induced HGG changes secondary conformation from
b-sheet to random coil.

Table 1 summarizes the loss of the a-helix and the
b-sheet as a function of temperature. Both of proteins

[Side view]

[Frontal view]  

Sliding direction  

Upper specimen

Lower specimen 

Weight

Sliding table 

Upper specimen

Lower specimen 

Strain gauges 

Figure 3. Schematic of reciprocating tester friction and wear for PVA

hydrogel.

K. Nakashima et al./Influence of protein conformation on frictional properties 147



changed the secondary structure, and the content of
initial secondary structure was reduced with an increase
of temperature. It was confirmed that the secondary
structure is changed due to heating.

3.2. Frictional test

The changes in friction coefficient of lubricant con-
taining native protein are shown in figure 6. The friction

test was started with the first lubricant containing either
native BSA or native HGG. BSA lubricant showed
lower friction coefficient than HGG lubricant at the first
sliding distance of 200 m. With Changing of protein
solution after unloading at 200 m, 400 m and 600 m,
friction was initially decreased but gradually increased
with rubbing. However, the test, which initially started
from HGG, showed lower friction at 800 m than the
final friction at 600 m sliding with HGG. The lowering
of friction suggests the formation of a layered structure,
as discussed in the following section. In contrast, the test
starting from BSA solution showed a gradual increase in
friction even after repeated sliding of 800 m.

Figure 7 shows the changes in coefficient of friction
of lubricants containing heated proteins. Coefficient of
friction started from BSA solution showed excellent low
friction even after 800 m sliding with changing of
lubricants three times. BSA was denatured by heating
and the secondary structure was changed from the
a-helix to random coil. Denatured BSA adsorbed
probably uniformly and strongly compared to native
BSA. In contrast, denatured HGG showed almost sim-
ilar coefficient of friction to native HGG during the first
sliding distance of 200 m. After 800 m sliding, however,
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Figure 4. CD spectra measured in a 0.7 mg/mL solution of BSA.
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Figure 5. CD spectra measured in a 0.7 mg/mL solution of HGG.

Table 1.

Content (%) of secondary structure in BSA and HGG at different

temperatures.

Temperature

(�C)
Proteins Loss of

a-helix (%)

Loss of

b-sheet (%)

20 BSA 0 –

60 BSA 10.1 –

70 BSA 26 –

20 HGG 0a 0a

60 HGG 0a 0a

70 HGG 0a 15.8a

aThe content of a-helix and b-sheet structure of HGG is referred to

Vermeer et al. [13].
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the final friction attained higher level than native HGG.
This fact suggests that an appropriate layered structure
was not formed.

4. Discussion

PVA hydrogel is one of the anticipated materials for
artificial cartilage [18–25]. PVA hydrogel in this study has
high water content and a low elastic modulus of 1.2 MPa
similar to natural cartilage, which is effective on the for-
mation of elastohydrodynamic lubrication film, but its
major disadvantage is its lower strength. Although PVA
hydrogel showed low coefficient of friction under walking
condition in knee joint simulator [7], PVA hydrogel
experienced rapid wear under severe conditions such as
mixed or boundary lubrication. Therefore, the existence
of a protective surface film with low friction and wear
becomes important to prevent surface failure. In our
previous study [10], we showed that adsorbed protein film
which has an effect of reducing wear of PVA hydrogel, is
composed of layered protein film of BSA and HGG as

shown in figure 2(a) [12]. On the contrary, the protein film
without ability of reducing wear showed separate
adsorption of BSA andHGGas shown in figure 2(b) [12].
Consequently it is important to form a layered structure
of BSA and HGG for reducing wear of PVA hydrogel.
The possibility of forming the protein boundary film
which reduceswear, depended on the content of protein in
lubricants. Wear grade of PVA hydrogel was contingent
on the A/G ratio (ratio of BSA to HGG) even at the same
total content of protein as shown in figure 1 [10]. There-
fore the elucidation of mechanisms on protein adsorption
becomes important to design for excellent protein
boundary film to reduce wear and friction for long
durability of PVA hydrogel as artificial cartilage.

Protein adsorption on artificial materials is reported by
many researchers [13,14,16,26–29]. Adsorption of protein
dependsonmany factors i.e., pH, salt content, temperature,
time, concentration and size of proteins, hydrophilicity and
other properties of proteins. It is known that amount of
protein adsorption also depends on surface wettability as
pointed out by Sigal et al. [30]. They evaluated the protein
adsorption to various surface moieties. They reported that
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Figure 6. Changes in frictional behavior in repeated tests changing lubricants containing native proteins.
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Figure 7. Changes in frictional behavior in repeated tests changing lubricants containing heat-induced proteins.
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the adsorption amount of BSA and HGG is quite different
for hydroxyl groups. PVA hydrogel has a hydroxyl groups
on surface. The glass plate has a hydroxyl groups in im-
mersed condition in water. Therefore, it is considered that
the amount of adsorption of BSA is lower than HGG and
the difference of adsorption quantity is dependent on the
conformation of protein.

Native BSA and HGG on hydroxyl groups are
considered to be easily released from surfaces of
materials because of its weak adsorption strength.
Sethuraman et al. [14] showed that protein adsorbs to
hydroxyl group in small adhesion force comparing to
hydrophobic surface. In this study, however, serum
proteins, particularly HGG adsorbed strongly on sur-
faces, and it was hard to exfoliate from surfaces by
rinses, because the rubbing process with shearing
appears to enhance adsorption and formation of
boundary film. In general, an adsorbed protein changes
conformation from native structure to denatured one
[13,17,31,32]. Tanaka et al. showed that adsorbed BSA
onto polymers changes its conformation and decreases
the a-helix content depending on surface hydrophilicity
of polymers [17]. We referred to these reports, and
hence, experimented both native and heat-induced
proteins in friction test.

We showed that BSA is mainly composed from the
a-helix as shown in figure 4 and it is considered that
adsorptive ability of BSA depends on content of the
a-helix structure, that is, native or denatured structure
has an effect on BSA adsorption. As shown in figure 7,
heat-induced BSA decreased friction coefficient and
showed better lubrication ability. Water as lubricant
showed higher friction coefficient (not shown in figure).
Decreasing friction coefficient with heat-induced BSA
means the formation of uniform protein boundary film.
It is considered that heat-induced BSA adsorbed
strongly compared to native BSA due to reduction of
the a-helix structure. The a-helix structure is hard to
adsorb on material surfaces in this condition. Hence,
protein containing the a-helix is hard to exhibit good
lubricating ability in boundary lubrication. Heuberger
et al. reported that denatured BSA adsorbs strongly on
surfaces and increases friction in a sliding pair of
UHMWPE and ceramics [32]. In this study for PVA
hydrogel against glass plate, however, denatured BSA,
which experienced heat treatment showed low friction.
The secondary structure of heat-induced denatured
protein is different from that of adsorbed protein and
after heat treatment of the adsorbed molecules the dif-
ference is less pronounced [13]. The detailed mechanism
of low friction in the reported tests started with heat-
induced albumin should be examined in our future
study.

Native HGG is mainly produced from the b-sheet
structure as shown in figure 5. Native HGG is likely to
adsorb intensely on PVA surface compared with native

BSA with plenty of the a-helix. Heat-induced HGG with
random coil did not show large difference in friction
from native HGG at initial 200 m sliding but deterio-
rated without friction reduction in repeated rubbing
process after changing of protein solution as shown in
figure 7. The increase in random coil in heat-induced
HGG may interact with heat-induced BSA. These phe-
nomena indicate that the lubricating ability of adsorbed
film in coexistence of heated HGG and heated BSA
depends on the construction of beneficial hierarchical
structure.

We showed that the existence of a uniform protein
film as a bottom layer like adsorbed HGG film is
important to maintain low friction coefficient after
800 m sliding as shown in figure 6. The uniform firm
film of adsorbed HGG exists under the condition of
friction test starting with HGG solution, and in the
following rubbing process with BSA, BSA adsorbed
onto the HGG layer. This condition can form a layered
structure of adsorbed HGG and BSA as shown in
figure 8(a). This adsorbed film is capable of protecting
rubbing surfaces by directly adsorbed HGG layer and
maintaining low shearing stress with sliding at the
boundary between HGG and BSA layer or within BSA
layer with lower cohesive strength. In contrast, in initial
rubbing lubricated with BSA solution, the native BSA
adsorbs weakly and is exfoliated during rubbing. In the
next rubbing after changing lubricant, if HGG accesses
near the surfaces, HGG adsorbs onto uncovered sur-
faces. This condition constructs uneven structure of
adsorbed protein shown in figure 8(b). Uneven adsorbed
film has a less boundary lubrication ability because it is
hard to protect surfaces and slide at appropriate
boundary between BSA and HGG.

In comparison of frictional tests with native and heat-
treated proteins, a proposal is given in the following. If
heat-treated BSA has higher adsorption ability and
higher cohesive strength than heat-treated HGG, bene-
ficial adsorbed film can be formed with a condition of
initial supply of heat-treated albumin followed by heat-

(a) Adsorbed protein film 
model starting from HGG
 solution 

(b) Adsorbed  protein film
model starting from BSA
solution   

BSA HGG 

Figure 8. Adsorbed protein boundary film models (a) Adsorbed pro-

tein film model starting from HGG solution (b) Adsorbed protein film

model starting from BSA solution.
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treated HGG similar to a condition of initial native
HGG followed by native albumin. To clarify this model
for heat-treated proteins, we have to validate the struc-
ture of adsorbed film by application of direct observa-
tion such as fluorescence microscopy by labeling
proteins with fluorescent dye [12] and total internal
reflection fluorescence microscopy [33].

We consider that the protein boundary film is essen-
tial for long life of artificial cartilage in a clinical use.
Albumin and gamma-globulin, which are contained in
natural synovial fluid, can easily adsorb onto the sur-
faces of joint prosthesis. An optimum control of protein
constituents in joint fluids is expected to improve both
friction and wear properties of artificial cartilage.

5. Conclusion

The effect of conformation of BSA and HGG on
frictional ability was investigated. BSA and HGG were
mainly constructed from the a-helix and the b-sheet
structure, respectively. The a-helix structure is lack of
adsorption ability, and the b-sheet structure is strongly
adsorbed on PVA hydrogel. Therefore the roles of BSA
and HGG were different in lubrication. It is important
to form a layered structure of adsorbed protein for
protecting rubbing surfaces and maintaining low friction
by combination of different proteins. In heat treatment
tests, it was indicated that the denatured BSA has a
potential of low friction. In the next study we plan to
examine the detailed structure of adsorbed film started
with denatured albumin.
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