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Due to its high molecular weight and viscosity, hyaluronic acid (HA) is widely used for viscosupplemen-
tation to provide joint pain relief in osteoarthritis. However, this benefit is temporary due to poor adhe-
sion of HA on articular surfaces. In this study, we therefore conjugated HA with dopamine to form HADN,
which made the HA adhesive while retaining its viscosity enhancement capacity. We hypothesized that
HADN could enhance cartilage lubrication through adsorption onto the exposed collagen type II network
and repair the lamina splendens. HADN was synthesized by carbodiimide chemistry between hyaluronic
acid and dopamine. Analysis of Magnetic Resonance (NMR) and Ultraviolet spectrophotometry (Uv–vis)
showed that HADN was successfully synthesized. Adsorption of HADN on collagen was demonstrated
using Quartz crystal microbalance with dissipation (QCM-D). Ex vivo tribological tests including measure-
ment of coefficient of friction (COF), dynamic creep, in stance (40 N) and swing (4 N) phases of gait cycle
indicated adequate protection of cartilage by HADN with higher lubrication compared to HA alone. HADN
solution at the cartilage-glass sliding interface not only retains the same viscosity as HA and provides
fluid film lubrication, but also ensures better boundary lubrication through adsorption. To confirm the
cartilage surface protection of HADN, we visualized cartilage wear using optical coherence tomography
(OCT) and atomic force microscopy (AFM).
� 2022 The Authors. Published by Elsevier Inc. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

Articular cartilage typically provides low friction (Coefficient of
friction, l < 0.01) in healthy hip, knee and other articular joints [1].
The mechanisms of the superlubricity properties of cartilage are
still under debate; prevailing theories are based on a combination

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcis.2022.03.119&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.jcis.2022.03.119
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.jcis.2022.03.119
http://www.sciencedirect.com/science/journal/00219797
http://www.elsevier.com/locate/jcis


K. Ren, H. Wan, H.J. Kaper et al. Journal of Colloid and Interface Science 619 (2022) 207–218
of fluid film lubrication (Fig. 1B) and boundary lubrication (Fig. 1C)
[2–4]. The fluid film lubrication requires high viscosity of the syn-
ovial fluid [5] along with the unique biphasic structure of curved
articular cartilage [6]. Due to wedge formation between the curved
cartilage surfaces at high sliding speeds, high viscosity and low
loads, the hydrodynamic fluid formation could take place as sug-
gested by MacConaill [7]. Besides the hydrodynamic effect, hydro-
static compression of cartilage can also lead to fluid formation as
suggested by McCutchen [8], who showed that articular cartilage
– being deformable, porous and saturated with fluid – weeps out
fluid into the sliding interface upon hydrostatic compression
[8,9]. Most of the applied load is initially supported by the fluid
film, giving rise to very low friction, but the load is gradually trans-
ferred to solid–solid contact due to creep of the cartilage. During
this solid–solid contact, boundary lubrication – attributed to the
lamina splendens – becomes the predominant lubrication mecha-
nism [9]. Macromolecular complexes of polysaccharides, lipids
and glycoproteins – including hyaluronic acid (HA), phospholipids,
aggrecan and lubricin – then adsorb. This gives rise to the acellular,
lamina splendens layer on the cartilage surface [1,10–13].

A complete gait cycle [9,14] contains regions of high and low
loads and sliding velocities in which fluid film, boundary and
mixed lubrication mechanisms (i.e. simultaneous fluid film and
boundary lubrication) remain active. High viscosity (g) has always
been accepted as a necessary property for the synovial fluid to pro-
vide fluid film lubrication to the synovial joint [5,14–17]. In addi-
tion, surface active macromolecules such as proteoglycan 4
(PRG4, also called lubricin) and surface active phospholipids (SAPL)
in combination with HA are deemed necessary to provide bound-
ary lubrication [3,4]. Thus, any attempt to enhance biolubrication
in the synovial joints needs to take into consideration both the high
viscosity and surface adhesive functionality of the treatment.

Osteoarthritis (OA) is the most prevalent disease of articular
joints, affecting around 15% of the population worldwide [18]. The
central pathological feature of OA has traditionally been attributed
to progressive loss of articular cartilage, which is mainly related to
the degradation of extracellular matrix (ECM) and changes in the
composition of cartilage and the synovial fluid [2,19]. This progres-
sive loss of articular cartilage is associated with increased friction
and wear of the cartilage. To relieve pain during early OA, an
intra-articular injection of HA, also called viscosupplementation, is
administered with the aim of enhancing lubrication [20]. The clini-
cal efficacy of a hyaluronan-containing injection compared to pla-
cebo is under debate, with multiple studies reporting no benefit
[21,22]. After reviewing 63 trials, a Cochran study [23] reported that
the effect is visible only after 5–13 weeks following multiple injec-
tions, with pain improvement in 11% to 54% of the patients and
function improvement in 9 % to 15 % [24,25]. A possible explanation
is that exogenous HA only increases the viscosity of the synovial
fluid, thus improves the chances of fluid film lubrication. However,
previous studies have shown that modified HA adheres or adsorbs
to articular cartilage surfaces better than unmodified HA [26–28].

In designing our study, we therefore addressed the following
questions. Is it possible to circumvent these adsorption limitations
of HA? Is an injectable formulation possible with which exogenous
HA adsorbs well onto intraarticular surfaces including cartilage to
enhance boundary lubrication [27] and simultaneously enhances
viscosity to support fluid film lubrication [15]? As a solution, we
proposed using adhesive HA that has been conjugated with 3,4-
dihydroxy-L-phenylalanine (Dopamine) via carbodiimide chem-
istry [29,30]. Dopamine-conjugated hyaluronic acid is an advanced
biomaterial that has been widely used in clinical therapy including
tissue adhesives [31], anti-biofouling bioelectrodes [32], capturing
circulating tumor cells (CTCs) [33], chemophotothermal cancer
therapy [34] and modification of Cardiovascular Implanted Devices
[35]. However, this molecule has not yet been used in the field of
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biotribology to lower friction and enhance lubrication. When con-
jugated with dopamine, HA forms HADN, whose ortho-
dihydroxyphenyl (catechol) group acts as an adhesive on various
inorganic/organic surfaces [36] under wet conditions. We hypoth-
esized that HADN would give rise to artificial cartilage lubrication
enhancement through fluid film and boundary lubrication.
2. Materials and methods

2.1. Synthesis of HADN

Hyaluronic acid (Kraeber & Cogmbh, Germany) with a molecu-
lar weight of 600 kDa was coupled to dopamine hydrochloride
(CAS no. 62–31-7, certified reference grade material, Sigma-
Aldrich) with the help of N-(3-Dimethylaminopropyl)-N-
ethylcarbodiimide hydrochloride (EDC, purity � 98.0% (AT), Sigma,
CAS no.25952–53-8). Briefly, 50 mg HA was dissolved in 10 ml
Phosphate Buffer solution (PBS) at pH 5 adjusted by hydrochloric
acid (HCl, CAS no. 7647–01-0, ACS reagent grade, Sigma-Aldrich).
Then 15 mg EDC and 20 mg dopamine were added to the HA solu-
tion at pH 5 and allowed to react for 5 h. The reaction was pro-
tected with nitrogen. Unreacted chemicals and byproducts were
removed by extensive dialysis (molecular weight cut-off:
3500 Da, spectrummedical industries, USA) for 3 days in deionized
water (pH 5), which was exchanged every 3 h (at first 12 h). Later
on the dialysis water was changed every 8 h. Then conjugate pro-
duct was lyophilized and stored at 4℃ in a moisture-free desiccator
for further use.

Nuclear Magnetic Resonance (NMR) and Ultraviolet spec-
trophotometry (Uv–vis) were used to characterize HADN. A lyophi-
lized sample was dissolved in deuterated water at 5 mg/ml for 1H
NMR (Bruker Avance, 400 MHz) analyses. Dopamine solutions with
various concentrations ranging from 0.1 mM to 1 mM in PBS were
prepared and their spectrum absorbance at 280 nm was measured
by Uv–Vis spectrum (Beckman, USA) with a cuvette of 1 cmwide to
make a standard curve by linear fitting. The absorbance at 280 nm
of 1 mg/ml HADN was used to calculate the conjugation degree by
comparing it with standard curve.

2.2. Viscosity measurement for HA and HADN solutions using a
rheometer

HA and HADN solution with 2 mg/ml in 10 mM PBS buffer were
prepared for viscosity evaluation by modular compact rheometer
(Physica MCR 300, Anton Paar GmbH, Austria) with a plate and
plate geometry of a radius of 50 mm (Measure system: PP50). In
this study, steady-shear viscosity as a function of shear rate from
0.01 s�1 to 100 s�1 was evaluated. Both samples were tested at
least 3 times, during which 2 ml solution was used in single exper-
iment for a period of 120 s. To ensure the fresh status of the solu-
tions we used during the experiments, the HA and HADN solutions
were freshly prepared before each experiment.

2.3. HADN adsorption on collagen type II using quartz crystal
microbalance with dissipation (QCM-D)

Molecular adsorption on gold coated, AT-cut quartz crystal sen-
sor discs was monitored through QCM-D in terms of frequency (Df)
and dissipation (DD) shifts. Higher negative frequency shift (-Df)
means higher adsorbed mass while higher dissipation (DD) means
more viscous, fluffy or hydrated adsorbed mass [37].

The disc-shaped, gold coated, AT-cut quartz QCM sensors were
cleaned thoroughly by rinsing with ultrapure water (Milli-Q
water), dried with N2, exposed to UV/ozone for 10 min, and then
immersed in a 3:1:1 mixture of ultrapure water, ammonia solution



Fig. 1. Schematic of a synovial joint with cartilage lubrication modes and schematic of cartilage tribology measurements. (A) Basic structure of synovial joint. (B) Fluid film
lubrication mode and (C) Boundary lubrication mode expected during different phases of the gait cycle. (D) Bovine osteochondral plugs were obtained from bovine condyles.
(E) Dispersion test, where osteochondral plugs were slid against glass in PBS, HA or HADN solution, respectively. (F) Pre-exposure test, where osteochondral plugs were
incubated in PBS, HA and HADN solution, respectively, for 4 h. The treated plugs were then slid against glass in PBS solution.
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(NH3), and hydrogen peroxide (H2O2) at 70–80 �C for 10 min. After
that, the gold crystals were rinsed with Milli-Q water, dried by N2

and treated with UV/ozone for another 10 min. Inside the QCM-D
((Q-Sense E4, Västra Frölunda, Sweden), 10 mM phosphate-
buffered saline (PBS) was allowed to flow through the chamber
and passed over the crystals using a peristaltic pump for creating
a baseline for the measurements. For this and all other QCM-D
measurements, a flow rate of 50 ll/min at 22 �C was used.

The QCM sensors were first coated with a layer of collagen type
II, using a protocol described elsewhere [38]. In short, 2 mg/ml of
collagen type II in 0.5 M acetic acid was diluted 50 times with ultra-
pure water (Milli-Q water) to form a concentration of 40 lg/ml in
10 mM acetic acid. To converting the molecules to fibrils, 10 min
before flowing into the QCM-D, 66% v/v of 250 mM phosphate-
buffered saline was added to the solution, resulting in a pH of 7.3.
The collagen type II coating was formed through the following
steps: (1) 10 mM PBS was streamed through the chamber and over
the crystal for a baseline; (2) 250 mM phosphate-buffered saline
was streamed through this chamber; (3) the collagen type II fibril
solution was streamed over the crystal to adsorb. Since the adsorp-
tion of collagen type II did not reach a plateau by itself, the flow of
the solution was stopped after achieving the desired adsorption
(�Df � 300 Hz), which would ensure complete coverage of the
gold-coated QCM crystal surface. This was followed by a rinse with
250 mM phosphate-buffered saline (4); this was followed by a rinse
with 10 mM PBS to remove the dissociative collagen molecules and
obtain the collagen type II layer in physiological state (5). Using the
frequency and dissipation shift values and the QSoft program from
Q-Sense, we estimated the collagen type II layer to be 158.90 n
m ± 6.80 nm (n = 3) thick. Collagen type II was obtained from adult
human articular cartilage (stock concentration of 2 mg/ml in 0.5 M
acetic acid) and was isolated as described previously [39]. Once the
QCM crystal was coated with collagen type II, (6) HA or HADN dis-
solved in 10 mM PBS at 2 mg/mL was allowed to adsorb for 1 h fol-
lowed by (7) a thorough rinsing with 10 mM PBS [13].

2.4. Lubrication provided by HA and HADN to cartilage against glass

2.4.1. Preparation of osteochondral plug
Fresh bovine knee joints (from bulls approximately two-years

old) were obtained from a local abattoir (Kroon Vlees b.v., Gronin-
gen, the Netherlands) and dissected 24 h after slaughter. The joints
were opened at room temperature (20-24℃), and any joints with
visible cartilage redness or damage were excluded. Cartilage plug
samples with a diameter of 12 mm were drilled from the central
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area of both femoral condyles using hollow drill bits (Fig. 1D). Dril-
ling and cutting was performed under continuous wetting and
cooling with PBS buffer. Extreme care was taken not to touch the
cartilage surface at any time during the plug preparation. Osteo-
chondral plugs were stored in PBS at 4 ℃ before tribological exper-
iments and used within 24 h.

2.4.2. Tribology test
The tribology tests were performed using UMT-3 (Universal

Mechanical Tester, Bruker Corporation, USA) in a pin-on-plate
reciprocating sliding configuration. The osteochondral plug was
mounted under the load cell and slid against borosilicate glass
mounted on a moving stage (Fig. 1E, F). Both HA and HADN were
tested in two ways. To mimic the joint injection environment in
Test 1 (the ‘Dispersion’ tribological test), the osteochondral and
glass were kept continuously submerged in PBS buffer containing
HA (2 mg/ml) or HADN (2 mg/ml) solutions at 33℃ during sliding
(Fig. 1E). In Test 2 (the ‘Pre-exposure’ tribological test), the osteo-
chondral plugs were pre-exposed to PBS buffer, HA (2 mg/ml in
PBS) or HADN (2 mg/ml in PBS) solutions at 33℃ for 4 h (Fig. 1F).
After that, the plugs were carefully rinsed with PBS and mounted
on the UMT-3 and slid against glass submerged in PBS at 33 ℃.
To mimic the swing and stance phase of the gait cycle, in both
the dispersion test and pre-exposure test a load of 4 N (swing
phase) and 40 N (stance phase) was applied separately, resulting
in an average contact pressure of 0.4 and 1 MPa, respectively
[40]. In both the dispersion test and pre-exposure test, a sliding
velocity of 4 mm/s was used over a sliding distance of 16 mm for
1 h both, resulting in 450 cycles during each tribological test.

Average dynamic COF and dynamic creep were measured. For
presentation of results (Figs. 4, 6) an average dynamic COF was
obtained by calculating the mean level of COF (friction force/nor-
mal force) in each cycle. To simplify the display even further, aver-
age COF was then calculated for every 50-cycle interval until 450
cycles (i.e. cycle 0, cycle 50, cycle 100 and so on). Dynamic creep
was obtained by recording the cartilage deformation using the z-
position of the carriage at the start of each cycle during reciprocat-
ing sliding. These values were recorded for every 50-cycle interval
until 450 cycles.

2.5. Visualization of cartilage wear after tribology test

2.5.1. Optical coherence tomography (OCT) measurement
Immediately after sliding during the dispersion test and pre-

exposure test, bovine cartilage plugs with and without rubbing
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tests were put on the OCT table for cross-section wear visualiza-
tion. Samples were measured using OCT Ganymede II (Thorlabs
Ganymede, Newton, NJ, USA) with a 930 nm center wavelength
white light beam and a Thorlabs LSM03 objective scan lens, which
can provide a maximum scan area of 100 mm2. 2D images had a
fixed size of 5000 pixels with pixel size varying with magnification
in the horizontal (x-y) direction while containing a variable num-
ber of pixels with 2.68 lm/pixel in the vertical (z) direction. The
scan area was 7.68 � 2.74 mm2. Images were created by the OCT
software (ThorImage OCT 4.1) using 32-bit data.

2.5.2. Atomic force microscopy
After OCT, the osteochondral plugs were fixated with

paraformaldehyde (Sigma, CAS no. 30525–89-4) for 45 min at
room temperature, followed by rinsing with PBS. The cartilage sur-
face roughness was measured by an atomic force microscope
(AFM) (Nanoscope IV Dimensiontm 3100, USA) equipped with a
dimension hybrid XYZ SPM scanner head (Veeco, New York, USA)
with a scan area of 30 � 30 lm2 and a scanning frequency of
1 Hz, with a scanning resolution (512 � 512 pixels). The surface
topography was measured by AFM operating with the contact
mode in air using a non-conductive silicon nitride probe (DNP-
10, Bruker Corporation, USA) at a constant normal force of 5 nN.
Data analysis was performed on NanoScoop Analysis (also Bruker).

The root mean squared roughness (RMS) Rq ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n

Pn
i¼1y

2
i

q
was cal-

culated from the average height at 3 locations per sample [41].
Due to the sample curvature, all images were flattened with 1st
or 2nd order before calculating the roughness.

2.6. Statistical analysis

All data are expressed as means ± SD, calculated from three
independent experiments. Statistical analysis was performed with
GraphPad Prism version 8.0 (GraphPad Software, La Joola Califor-
nia, USA). Significant differences between groups was determined
by using two-tailed Student’s t-test analysis in viscosity tests and
QCM-D measurements and one-way ANOVA analysis in tribology
tests. Significance was defined as p < 0.05.

3. Results and discussion

3.1. Dopamine conjugation with hyaluronic acid: HADN synthesis and
its characterization

HADN was prepared by carbodiimide chemistry with N-(3-
Dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride (EDC)
coupling reaction [29,36,42,43]. A schematic representation of syn-
thetic procedure is shown in Fig. 2A. The multiple peaks observed
between d = 6.7 ppm and d = 7.0 ppm in 1H NMR spectra shown in
Fig. 2B are associated with protons of the aromatic ring [30]. Chem-
ical shift at 2.03 ppm is associated with protons of N-COCH3 [30]
demonstrating that HADN conjugation was successful. The results
also were confirmed by Uv–visible spectrophotometer in Fig. 3C.
An absorbance band around 280 nm, the characteristic absorbance
of catechol, was observed in HADN while not shown in HA alone.
Dopamine solutions with different concentrations from 0.1 mM
to 1 mM in PBS were prepared. Their spectrum absorbance at
280 nm was measured by Uv–Vis spectrum. Then the standard
curve was calculated by linear fitting in Fig. S1. Based on a standard
curve and the A280 nm of the synthesized product, the conjugation
was calculated as about 22%. This means that on average, every
fifth carboxyl is conjugated with DN. Amidation by a carbodiimide
coupling method [30] is widely used in biomaterial applications
due to its features of highly effective and reproducible. Different
equivalent proportion can yield different conjugation degree. In
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the present study, we chose a 22% conjugation because <10% is
conventionally considered to be a low catechol conjugation level
for polymer. Likewise, a conjugation degree of over 30 % is
regarded as a high catechol conjugation for polymer [44,45].

3.2. Viscosity comparison between HA and HADN

The viscosities of the HA and HADN solutions (2 mg/ml in PBS
buffer) are shown in Fig. 3A. Both HA and HADN samples generally
displayed characteristic shear-thinning behavior reflected in a
reduction in viscosity with increasing shear rate [46]. In the HADN
solution, the viscosity went up to a peak of 0.570 Pa s ± 0.451 Pa s
at shear rate of 0.025 s�1 but dropped sharply to about 0.004 Pa s at
10 s�1. The viscosity of HADN stabilized at 0.004 Pa s until 100 s�1.
In contrast, HA solution had the highest viscosity value (0.232 Pa
s ± 0.095 Pa s) at a shear rate of 0.040 s�1, which then decreased
to 0.003 Pa s, but this didn’t change until a shear rate of 100 s�1

was reached. No significant difference was found between HADN
and HA viscosity at any shear rate, which means that HADN solu-
tion with a concentration of 2 mg/ml in PBS buffer has similar vis-
cosity behavior as the HA solution.

3.3. HADN adsorption onto collagen type II

The Df and DD time plots for the adsorption of collagen type II
followed by HADN or HA are shown in Fig. 3B, C and D, where
Fig. 3C represents the period during which HADN or HA adsorbed
alone. Collagen type II adsorbed very well onto the gold-coated
QCM crystal: a Df of �285.08 ± 0.13 Hz was measured after rinsing
with 10 mM PBS buffer. The -DD/Df value was 85.47 ± 5.63 � 10-6,
which indicates a highly viscoelastic layer.

In our experimental design, this collagen type II layer repre-
sented the exposed collagen fibers due to the removal of the lam-
ina splendens. HA showed barely any adsorption onto collagen
type II with a frequency shift of �3.64 ± 2.07 Hz after 60 min of
flow. In contrast, HADN readily adsorbed onto collagen type II with
a Df of �25.00 Hz ± 5.35 Hz. HADN was not washed off during the
final PBS rinsing step, thus indicating irreversible adsorption
(Fig. 3C). The viscoelasticity of the HADN or HA layer on collagen
type II was evident from the ratio of dissipation to frequency shift
(-DD/Df � 10-6), as shown in Table 1. The viscoelasticity of the
HADN layer on collagen type II was much higher than that of HA,
with a value of 0.42 ± 0.18 compared to 0.09 ± 0.07 for HA.

This demonstrates a clear affinity of HADN for collagen type II
through electrostatic interactions under physiological pH and ionic
strength [47] and an inability of HA to adsorb onto collagen type II.

3.4. Ex-vivo lubrication provided by HA and HADN to cartilage as
compared to PBS

3.4.1. Dispersion tribological test
During the dispersion tests, the effects of viscosity enhance-

ment and adsorption of HA and HADN on the friction and wear
of cartilage were observed. Fig. 4 shows the COF (Fig. 4A) and
dynamic creep (Fig. 4B) for osteochondral plugs sliding against
glass at 4 N and 40 N. The COF at 4 N was higher than that of
40 N. At both loads, the COF of cartilage samples submerged in
PBS was the highest: 0.51 ± 0.04 in the swing phase (4 N) and
0.258 ± 0.03 in the stance phase (40 N) at cycle 450. Compared
to PBS, the samples submerged in HA solution had a significantly
lower COF: 0.37 ± 0.02 at 4 N and 0.20 ± 0.01 at 40 N. Samples sub-
merged in HADN solution showed a further decrease in COF:
0.33 ± 0.06 the in swing phase (4 N) and 0.17 ± 0.01 in the stance
phase (40 N). These values were significantly lower than the values
measured in the presence of PBS. The average COF in the presence
of HADN was always lower than in the presence of HA at both the



Fig. 2. (A) The schematic representation of the procedure to synthesize HADN. (B) The H-NMR spectrum of HADN. (C) UV–Vis spectra of the conjugate (HADN) and the control
(HA).
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loads, but this difference was not statistically significant. The
results indicate that HADN efficiently lubricated the cartilage
against glass during both the swing and stance phase.

Dynamic creep was higher at 40 N (�1MPa) than at 4 N
(�0.4 MPa) due to higher weeping of fluid and depressurization
of the cartilage [8,48]. At the end of 450 cycles the creep at 4 N
was 0.08 mm ± 0.03 mm in the PBS group, 0.14 mm ± 0.03 mm
in the HA group and 0.16 mm ± 0.04 mm in the HADN group. At
40 N, the creep was 0.41 mm ± 0.05 mm in the PBS group, 0.37 m
m ± 0.02 mm in the HA group and 0.38 mm ± 0.03 mm in the HADN
group. The lubricant used did not make any significant difference
in the amount of creep at both loads. This dynamic creep was
the effect of depressurization of the cartilage due to release of
interstitial fluid, as reported by Ateshian et al. [49,50].

The roughness of the cartilage surface (Fig. 4C) can change due
to wear at the surface. We therefore measured the roughness of
bovine cartilage after tribology. Osteochondral sliding against
glass, at 4 N while, submerged in HADN showed a roughness mea-
sured on AFM of 133 nm ± 4 nm, which was closest to intact car-
tilage (control) with roughness of 134 nm ± 7 nm. In comparison,
sliding in presence of PBS and HA caused an insignificant increase
in roughness i.e., 189 nm ± 25 nm and 260 nm ± 95 nm respec-
tively. At 40 N, the osteochondral plug that was submerged in
HADN showed a roughness of 169 nm ± 42 nm, which was also
closest to intact cartilage. However, sliding in the presence of
PBS caused a significant increase in roughness (245 nm ± 17 nm),
while sliding in the presence of HA caused an insignificant increase
(191 nm ± 19 nm).

After tribology measurements, cartilage surface morphology
was displayed in the surface view of AFM, and the cartilage subsur-
face structure was examined by OCT (Fig. 5). AFM or OCT results
both indicated a clear advantage of the wear-protection of HADN
solution during tribological experiments. In the image of native
cartilage without rubbing (group control) in Fig. 5A, the surface
was flat and intact due to an uneven and amorphous protein layer.
This layer could have been the lamina splendens composed of var-
ious biomacromolecules on top of collagen network [38]. After rub-
bing with a low load (4 N) in the swing phase, the cartilage
submerged in PBS, HA and HADN solution had damage on the sur-
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face, as shown in Fig. 5A. More specifically, there were some bigger
spalls on the surface of PBS group and many smaller scratches on
the surface of HA samples (red arrows) compared with a smooth
surface for the HADN group. The higher friction force observed
on surface of cartilage submerged in PBS and HA resulted in severe
damage to superficial layer and exposure of collagen fibers [47].
Due to weeping lubrication, much more fluid reached the sliding
interface, which formed thicker fluid film between cartilage and
glass and resulted in lower friction at 40 N. Consequently the abra-
sion condition of all rubbing cartilage was lighter. Moreover, the
surface of osteochondral plugs that were submerged in HADNwere
most similar to intact cartilage (control group) in the OCT result
(Fig. 5B). In contrast, obvious damage (yellow arrows) with a
rougher surface was induced at 4 N and 40 N on the surface of car-
tilage submerged in PBS. Osteochondral plugs submerged in HA
also showed a slightly rougher surface, but less severe. In sum-
mary, HADN solution as an intraarticular injection not only pro-
vides better lubrication (lower friction) but also lower cartilage
wear as measured by roughness.

3.4.2. Pre-exposure tribological test
Pre-exposure tests were performed to study the effect of

adsorbed HA and HADN only on cartilage wear and friction (Figs. 6
and 7). The COF (Fig. 6A) of cartilage samples submerged in PBS
was the highest of the three groups: 0.51 ± 0.04 in the swing phase
(4 N) and 0.258 ± 0.03 in the stance phase (40 N) at cycle 450
(Fig. 6A). Compared to PBS, at 4 N samples pretreated with HA
solution showed reduced COF of 0.41 ± 0.06, but the difference
was not significant. However, for cartilage pretreated with HADN
solution, a significantly lower value of 0.31 ± 0.02 was measured.
At 40 N, the COF value of HA sample (0.22 ± 0.03) was very similar
to that of PBS. A significantly lower value of 0.18 ± 0.01 was also
observed in the stance phase (40 N) for cartilage pretreated with
HADN. Clearly, HADN that is absorbed onto the cartilage surface
provides better lubrication at the cartilage-glass interface sub-
merged in PBS during both swing and stance phases.

Dynamic creep (Fig. 6B) showed similar trends in the pre-
exposure test and the dispersion tribological test. Irrespective of
the pre-exposure fluid, dynamic creep was higher at 40 N than at



Fig. 3. (A) Viscosity of 2 mg/ml HA and HADN in PBS under a shear rate ranging from 0.01 to 100 s�1. Error bars represent the standard deviation across three independent
measurements. The kinetics of HADN and HA adsorption on the collagen type II layer measured with QCM-D are also shown, in which solid lines represent frequency shift
(Df) and dotted lines represent dissipation (DD � 10–6). (B) Adsorption of collagen type II followed by HA and HADN adsorption. (C) HADN and HA adsorption processes.
Steps 1 to 7 are explained in the text and pictorially in D. (D) Schematic of steps followed during collagen type II experiment followed by HADN and HA adsorption.

Table 1
The frequency shift (-Df, indicating adsorbed mass) and the ratio of dissipation to frequency shift (-DD/Df � 10-6) indicating the fluffiness and viscoelasticity of the layer after
adsorption of HA and HADN onto the collagen type II layer. Error bars represent the standard deviation across three independent measurements, *p < 0.05: compared with the HA
samples.

Substrate -Df (Hz) -DD/Df � 10-6 (s)

HA HADN HA HADN

Collagen-type II 3.64 ± 2.07 25.00 ± 9.35 * 0.09 ± 0.07 0.42 ± 0.18 *
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4 N [8]. After 450 cycles, the observed creep at 4 N was 0.10 m
m ± 0.03 mm in the PBS group, 0.16 mm ± 0.01 mm in the HA group
and 0.18 mm ± 0.07 mm in the HADN group, but at 40 N it rose to 0.
47 mm ± 0.03 mm in the PBS group, 0.35 mm ± 0.05 mm in the HA
group and 0.30 mm ± 0.13 mm in the HADN group.

After 450 cycles of sliding, the roughness (Fig. 6C) of osteochon-
dral plugs pretreated with PBS was 315 nm ± 90 nm at 4 N and
212
251 nm ± 424 nm at 40 N, which was significantly higher than
134 nm ± 7 nm observed for intact cartilage. After HADN pretreat-
ment, the roughness of the cartilage was very similar to intact car-
tilage: 171 nm ± 40 nm at 4 N and 145 nm ± 3 nm at 40 N.
Osteochondral plugs pretreated with HA had a roughness of
178 nm ± 97 nm during the swing phase (4 N), and
160 nm ± 3 nm during the stance phase (40 N).



Fig. 4. Tribological performance of cartilage-glass interface in PBS, HA and HADN solutions at low load (4 N) and high load (40 N) in dispersion test. (A) The time-depended
dynamic COF of cartilage rubbing against glass in different solutions. (B) The dynamic creep of different cartilage samples during friction measurement. (C) The surface
roughness of cartilage after rubbing in different solutions. (D) Schematic of tribology measurements of liquid tribological test setup. Error bars represent the standard
deviation across three independent measurements, *p < 0.05: compared with the PBS samples in Fig. (A); compared with the control samples in Fig. (C).

Fig. 5. (A) Surface morphology of cartilage surface measured by AFMwith a scan area of 30 � 30 lm2. Red arrows show the damage resulted from rubbing. (B) Lateral view of
the cartilage cross-section using OCT after rubbing against glass in different solutions in dispersion test. Yellow arrows show the damage due to wear after tribological test.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7 shows the surface morphology after sliding. As shown in
Fig. 7A (AFM images), damage was much less frequent and less
severe at both 4 N and 40 N in the osteochondral plug that was pre-
treated with HADN. In contrast, HA and PBS pretreatment did not
provide resistance to the friction force on the cartilage surface,
on which more damage and wear (red arrows) was visible. OCT
213
cross-section view images (Fig. 7B) showed damage on the entire
osteochondral surface at both loads. Cartilage pretreated with
HADN solution had a surface with some small hills (yellow arrows)
during the swing phase (4 N) and stance phase (40 N). In contrast,
at 4 N larger and deeper damaged areas appeared on the surfaces
that were pretreated with HA, while at 40 N, the damage was less



Fig. 6. Tribological performance of cartilage-glass interface in PBS at low load (4 N) and high load (40 N) in pre-exposure test. Before the test, cartilage samples were
incubated separately in PBS, HA and HADN solution for 4 h. (A) The time-dependent dynamic COF of cartilage rubbing against glass (B) The dynamic creep of various cartilage
samples during friction measurement. (C) The surface contact area of various cartilage samples after rubbing. (D) Schematic of tribology measurements from the pre-
incubated tribological test. Error bars represent the standard deviation across three independent measurements, *p < 0.05: compared with the PBS samples in Fig. (A);
compared with the control samples in and Fig. (C).

Fig. 7. (A) Surface morphology of cartilage surface measured by AFM with a scan area of 30 � 30 lm2, in which red arrows show the damage resulting from rubbing; (B)
Lateral view of the cartilage cross-section using OCT after rubbing against glass in various solutions in the pre-exposure test. Yellow arrows show the damage due to wear
after the tribological test. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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severe. Osteochondral plugs that were pretreated with PBS showed
a slightly rougher surface compared to HA pretreated samples at
both loads (4 N and 40 N). Therefore, HADN pretreatment showed
a tendency not only to reduce the COF, but also appeared to pre-
vent wear and damage at both loads.
214
4. Discussion

Dopamine functionalization of HA (HADN) makes it adhesive in
nature [36]. Here we investigated whether HADN, when compared
to HA, can adhere more effectively to the cartilage surface and
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enhance lubrication. We used QCM-D to compare the adsorption of
HADN and HA on collagen type II, and we performed cartilage-
glass reciprocating sliding when HADN was either in dispersion
or when cartilage was pre-exposed to HADN for 4 h. Both 4 N
and 40 N were applied to mimic the swing and stance phases of
the gait cycle [40].

At both 4 N and 40 N, the general trend for COF evolution during
the tribological tests was low COF at the start, but continuously
increasing with sliding time (Figs. 4A and 6A). This was also shown
in previous studies [9,40,51–53]. This increase in COF was accom-
panied by a continuous increase in creep (Figs. 4B and 6B). This
phenomenon was explained by Ateshian et al. [49,50] based on
equation (1).

leff

leq
¼ 1� ð1�uÞW

p

W
ð1Þ

where u represents the fraction of solid–solid contact area. 1-u is
the contact through the wept out water [54], which is around
0.91 for normal bovine cartilage [54] at the beginning. WP/W is
defined as interstitial fluid load support. leff and leq are the time-
dependent and equilibrium coefficients of friction, respectively.

Our results showed that cartilage was initially compressed
quickly (see dynamic creep result from Figs. 4B and 6B), resulting
in interstitial fluid flowing out from the tissue in sufficient
amounts to produce low COF values. But as time passed, more
and more fluid was pressed out of the cartilage, resulting in
increased solid–solid contact at the cartilage-glass interface, thus
leading to an increase in COF.

During the dispersion and pre-exposure tests the cartilage-glass
COF at low loads (4 N – corresponding with the swing phase of the
gait cycle) was always higher than that at 40 N (corresponding
with the stance phase). Previous studies also have shown that
the COF decreases with increasing contact force [9,40,53,55]. When
Fig. 8. Schematic illustration at macroscale suggesting the mechanism by which HA and H
the illustration of the contact area shows, the outside fluid (shown as red arrows), which
cartilage and glass while the cartilage is rubbing against the glass. (B) Cartilage-glass cont
to weeping (shown as blue arrows) and outside fluid (shown as red arrows) flow into sm
creep increases as fluid flows out of cartilage, resulting in more and more small gaps disap
[2]. In this case boundary lubrication dominates. (C) The COF of two tests at cycle 100 and
referred to the web version of this article.)
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compressed at 40 N, much more interstitial fluid from the cartilage
weeps out of the pores and merges with the solution (PBS, HA or
HADN) to create a thicker fluid film at the cartilage-glass interface.
These two observations strongly indicate that hydrostatic fluid
weeping and fluid film formation is a predominant cartilage lubri-
cation mechanism.

At the end of the dispersion test, lower friction and wear was
observed with both HA and HADN as compared to PBS at both
the stance (40 N) and swing phase (4 N) of the gait cycle (Figs. 4
and 5). Since the viscosity of both HA and HADN (2 mg/ml) is
higher than PBS (1 mPa s), we expected that the hydrodynamic
fluid film and boundary lubrication would be active on top of the
hydrostatic weeping and fluid film lubrication. However, it was
unclear whether hydrodynamic fluid film or boundary lubrication
was the dominant mechanism. We therefore performed pre-
exposure tribological tests, where the hydrodynamic fluid film
contribution to lubrication would be very low due to absence of
HA or HADN fluid and the very low viscosity of PBS. At both loads,
cartilage pre-exposed to HADN had a significantly lower COF com-
pared to PBS group, while the COF of cartilage pre-incubated in HA
approached that of the PBS group (Fig. 6). Similarly, the cartilage
surface pre-exposed to HADN appeared to be much more intact
compared to cartilage pre-exposed to HA or PBS (Fig. 7). The HADN
solution clearly enhances cartilage lubrication better than HA. This
is probably because HADN molecules not only enhance viscosity to
the same level as in the HA solution (Fig. 3A), but also because the
HADN adsorbs onto the bovine cartilage surface, (Fig. 3B, C and D,
Table 1), thus giving rise to improved boundary lubrication.

Fig. 8 shows a likely explanation of why HADN performs better
than HA during cartilage lubrication. In Fig. 8A and 8B, the outside
fluid is shown as red arrows representing either PBS, HA solution
or HADN solution. This fluid is able to flow into the cartilage-
glass interface. At an early stage of rubbing (for example, 100
cycles at 4 N and 40 N, Fig. 8B), the interstitial fluid due to weeping
ADN lubricate the cartilage while sliding against glass. (A) Cartilage-glass model. As
represents PBS, HA solution or HADN solution, can flow into the interface between
act zone. The model is taken from [1]. Initially (at cycle 100), the interstitial fluid due
all gaps between cartilage and glass. More weeping occurs at 40 N. While sliding,
pearing; the cartilage begins to contact the glass directly (cycle 450 at 4 N and 40 N)
450. (For interpretation of the references to colour in this figure legend, the reader is



Fig. 9. Schematic illustration at microscale suggesting the mechanism by which HA and HADN lubricate the cartilage while sliding against glass. It shows the fate of small
gaps at cartilage-glass interface in Fig. 8B. Due to the higher viscosity of flowing HA and HADN in the dispersion test, the HA and HADN groups had significantly lower COF
compared to the PBS group in the fluid film lubrication condition. In the exposure test, however, no floating HA and HADN was present; the lubricant condition was therefore
the same as in the PBS and HA groups, which explains why there was no significant difference in the COF of these two groups. In the boundary lubrication condition, HADN is
more efficient in immobilizing bound water on the cartilage surface, resulting in a lower COF.
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(the blue arrows in Fig. 8B) joins the outside fluid to lubricate the
intra-asperity spaces. With continued sliding, the outflow of inter-
stitial fluid decreases considerably, resulting in the disappearance
of the intra-asperity spaces. Initially (0 to 100 cycles), a hydrody-
namic fluid film with weeping lubrication dominates. Due to
higher viscosity of the flowing HA and HADN (hydrodynamic lubri-
cation), during the dispersion test the HA and HADN groups had a
significantly lower COF compared to the PBS group (Fig. 8C cycle
100 at 4 N and 40 N). During the pre-exposure test, however, no
significant difference in COF was found between the three groups
due to the absence of flowing HA and HADN molecules (Fig. 8C
cycle 100 at 4 N and 40 N). In both the dispersion test and pre-
exposure test, after around 100 cycles (100 to 450 cycles) bound-
ary lubrication appears to play a more important role than fluid
film lubrication (Fig. 8B, cycle 450 at 40 N and 4 N). This is proba-
bly because numerous bound HADN chains on the cartilage surface
are more efficient in immobilizing bound water (Fig. 9, Boundary
lubrication in both tests), resulting in lower COF in the HADN
group (Fig. 8C cycle 450 at 40 N and 4 N in both tests). Thus HADN
enhances both fluid film lubrication and boundary lubrication, ulti-
mately resulting in a lower COF and protection against cartilage
wear.

The biological activity of HA as a lubricant is enhanced when it
is conjugated with dopamine (HADN) by becoming more adhesive.
Furthermore, HADN has the same viscosity profile as HA, so the
fluid film lubrication remains similar to HA. This adhesive nature
clearly causes HADN to adsorb onto the cartilage surface, whereas
HA does not. This gives rise to higher water-holding capacity at the
cartilage surface, resulting in enhanced boundary lubrication. This
boundary lubrication enhancement manifests itself not only as low
COF, but more importantly as protection against cartilage wear.
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In future studies mixtures of HA and HADN could be tested;
HADN would preferably adsorb onto the cartilage surface, and a
minimum amount of HADN would ensure that the viscosupple-
mentation injections also provide cartilage surface protection.
5. Limitations

In the research presented here, we used a linear reciprocating
cartilage-glass model with a constant velocity of 4 mm/s, a sliding
distance of 16 mm and two loads of 4 N and 40 N to mimic the
knee joint cartilage movement in the human gait cycle. In a real-
life situation, however, the velocity and load applied on cartilage
change continuously [56]. To avoid this limitation and improve
the tribological setup, future research could use dynamic sliding
velocity and load corresponding with the natural human gait cycle.
Another limitation results from our choice of glass as a counterface.
Cartilage rubbing against cartilage would be a much better simula-
tion of reality than cartilage rubbing against glass. We chose glass
as the counterface to ensure valid comparisons with previous
research [57] and because it is difficult to obtain large, flat pieces
of cartilage to replace glass. In future research, a cartilage condyle
against cartilage tibia tribological model could be a better choice
on knee joint cartilage lubrication research, if it can be technically
realized.
6. Conclusion

In the study, we used hyaluronic acid (HA) conjugated with
dopamine (HADN) solution as a novel injectable material for joint
cartilage lubrication enhancement. This method improves biolu-
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brication by enhancing both fluid film lubrication and boundary
lubrication. It is therefore better than coating biomaterials onto
the cartilage surface or using surgical implants, as both of these
approaches only improve boundary lubrication. HADN is highly
adhesive in nature and readily adsorbs onto the cartilage surface
in much higher amounts than unmodified HA. We demonstrated
that the fluid film lubrication of HADN was similar to that of HA
due to its high viscosity and that HADN also enhanced boundary
lubrication due to better adsorption. Moreover, its hydrophilic
property ensures that HADN adsorbed onto the cartilage surface
can retain water for better boundary lubrication. In our study, this
enhanced boundary lubrication reduced cartilage-glass friction and
cartilage wear. These findings indicate that injecting HADN
together with HA during viscosupplementaion has great potential
for lubrication enhancement and chondroprotection. Future
in vitro or in vivo studies are recommended to extend this inject-
able solution to a different bovine cartilage model including carti-
lage condyle against cartilage tibia tribological model as well as
other tribological body sites, such as artificial hip joints and con-
tact lenses. In addition, to further improve lubrication, corelative
biomacromolecules present in cartialge tissue should be conju-
gated with HADN.
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