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The surface of human and bovine articular cartilage was imaged with environmental SEM and AFM. The effective modulus of 
the surface, from force-dis lance curves obtained with AFM, remained constant al 9 ± 2 kPa in the presence of synovial fluid. 
Extensive washing of the cartilage surface with phosphate buffered saline (PBS) removed a superficial gel-like layer, leaving a 
granular layer intact. Force-distance curves showed that the chemical and mechanical properties of the gel exposed lo PBS changed 
over time. The effective modulus at the surface dropped from 481 to 4 kPa over an hour. The results suggest that the gel-like layer, 
having partly lost waler through evaporation on removal from the joint, absorbs waler from PBS. IL becomes sofler and eventually 
begins lo dissolve. The low effective modulus of the gel-like layer in synovial fluid indicates that it is loo so fl to influence Lhe surface 
roughness. Imprints of the surface under pressure were laken using a low viscosity dental kil. Imaging of Lhe imprint surface 
indicated thal the topography of Lhe cartilage under pressure was similar Lo Lhal of Lhe surface afler removal of the gel-like layer. In 
conclusion, imaging of articular cartilage with ESEM and AFM revealed lwo dislincl non-fibrous layers, which are granular and 
gel-like, and cover Lhe fibrous collagen matrix. 
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1. Introduction 

Synovial fluid in contact with articular cartilage 
provides excellent tribological properties of very low 
wear and friction [l]. It has been suggested that fluid-
film lubrication plays a major role in protecting articular 
cartilage during normal activity, whereas complemen-
tary mechanisms are required at the beginning of mo-
tion [2-4]. There have been a number of proposals for 
the mechanism of lubrication in articular joints under 
severe loading conditions or at the beginning of motion. 
Joint lubrication under these conditions is generally 
considered to be boundary lubrication, analogous to 
man-made systems in which the lubricating fluid is 
squeezed out of the contact at high pressure or low 
speed and the contacting surfaces are protected by sur-
face active additives. For example, it has been proposed 
that phospholipids [5] or the protein, lubricin [6], are 
responsible for boundary lubrication in natural joints. 
Other theories, which deviate from classical boundary 
lubrication, include electrostatic repulsion [7] and the 
formation of a gel containing hyaluronan at the surface 
[8]. Kumar et al. and Sawae et al. both observed the 
presence of two layers, a superficial gel-like layer and a 
fibrous layer assigned to the collagen network of carti-
lage [9, 1 O]. They imaged the surface of articular cartilage 
in solution with atomic force microscopy (AFM) before 
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and after treatment with chondroitinase ABC, hyal-
uronidase and alkaline protease. Kumar et al. found 
that the superficial layer remained intact after treatment 
with chondroitinase ABC and hyaluronidase, and that 
the fibrous layer was exposed following digestion with 
alkaline protease [9]. Sawae et al., on the other hand, 
observed a fibrous network with AFM after treatment 
of the superficial layer with chondroitinase ABC [10]. 
Both studies proposed a gel-like surface, however, the 
findings on the composition of the gel were contradic-
tory, with evidence for proteoglycans in one study and 
for proteins or glycoproteins in the other. With a 
staining technique using the cationic dye cupromeronic 
blue and varying concentrations of magnesium chloride, 
sulphated proteoglycans were undetectable in a super-
ficial layer of 50 nm, but were present in the adjacent 
non-fibrous layer of between 100 and 400 nm [11]. It has 
been proposed that a fluid film is maintained between 
the surfaces at low speeds by trapping water in the 
superficial gel layer [12, 13]. 

AFM has proved to be a powerful tool for the surface 
analysis of biological samples as it allows indentation 
measurements, as well as imaging, to be carried out in 
solution [14,15]. Indentation measurements on the 
macroscopic scale, using probes with diameters in the 
millimetre range, revealed a significant dependence of 
the elastic modulus of cartilage on the preparation of the 
sample. Values ranging from about 2 to 12 MPa have 
been found for native human cartilage [16, 17]. Articular 
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cartilage predominantly consists of collagen type II, 
proteoglycans and water in a layered structure, together 
determining its mechanical properties [18]. Therefore, 
measurements of the mechanical properties on the 
macroscale reveal an average over a large volume. 
Nanoindentation with AFM records variations in the 
mechanical properties of the fine structure and, addi-
tionally, provides a more surface specific measurement. 
Stolz et al. found dynamic elastic moduli of around 21-
27 kPa for porcine articular cartilage using silicon ni-
tride tips with a nominal radius of 20 nm [19]. Patel and 
Mao, also using sharp silicon nitride tips, found 
Young's moduli ranging from 0.95 to 2.34 MPa for 
adult rabbit articular cartilage and a smaller range of 
0.92-1.02 MPa in neonatal rabbit articular cartilage 
[20]. 

Besides the mechanical and chemical properties of the 
cartilage surface, its roughness is also of tribological 
importance. AFM measurements of the cartilage surface 
revealed a mean surface roughness (Ra) between 95 and 
130 nm in areas of 5 x 5 ~nn on neonatal rabbit cartilage 
[20] and about 500 nm in areas of lOOx 100 ~nn on 
immature bovine cartilage [21]. 

Most AFM measurements in solution have been 
carried out in phosphate buffered saline (PBS), al-
though some of the components of cartilage are 
soluble in this medium [22]. In the present study, 
AFM was used to examine effects of PBS treatment 
on the structure of the cartilage surface over time 
and to compare the mechanical properties of the 
superficial layer in the presence of PBS and of 
synovial fluid. The samples were also examined with 
environmental scanning electron microscopy (ESEM), 
before and after PBS treatment. ESEM is a technique 
which allows imaging of organic samples without the 
need for coating with gold [23]. Moreover, it does 
not require a high vacuum, allowing images of moist 
samples to be obtained. As cartilage is a viscoelastic 
solid [24-26], experiments were carried out to deter-
mine the effect of applied pressure on the roughness 
of the surface. 

2. Experimental 

Bovine articular cartilage was removed from both of 
the femur knee joints of five slaughtered cows younger 
than of 19 months of age. A punch was used to remove 
circular samples with a diameter of 10 mm. The bovine 
samples were measured immediately after removal from 
the joint. Human articular cartilage was collected from 
femur heads that were surgically removed with written 
consent from four patients undergoing replacement of 
the hip joint at the Orthopaedic University Hospital 
Balgrist, Zurich. The study was approved by the Eth-
ics Committee of the Canton Zurich. AFM measure-
ments were carried out on macroscopically intact 

cartilage areas. The samples were stored at -60 °C until 
analyses. 

Sections through the cartilage were obtained with a 
sharp scalpel. ESEM (Philips ESEM-FEG XL30, FEI, 
Netherlands) was used to image the surface of both 
human and bovine articular cartilage. Human cartilage 
was thawed and then submersed in PBS (Fluka Chemie 
GmbH, Buchs, Switzerland) for 5 min before ESEM. 
The bovine articular cartilage was briefly washed with 
PBS and immediately analysed with ESEM. Alterna-
tively, as indicated in the text, cartilage was washed in 
PBS at 4 °C for 5 h with shaking. AFM images and 
force-distance curves of cartilage in PBS and bovine 
synovial fluid were collected with Dimension 3000 SPM 
(Digital Instrument, Inc. Santa Barbara, California). 
Silicon nitride (NP-20) AFM probes (Veeco Instruments 
GmbH, Mannheim, Germany) with a nominal spring 
constant of 0.12 N/m were used for imaging (contact 
mode) and force-distance measurements (figure 1). The 
force-distance curves, measured at a rate of 0.2 Hz 
(1.2 ~tm s- 1

), were fitted with the Hertz model for an 
infinitely stiff, cone shaped tip against soft materials: 
F= (nfl/2)(E/l -112)tan(ix), where Fis the force, bis 
the indentation depth, E is Young's modulus, 17 is 
Poisson's ratio, and ix is the opening angle of the cone, to 
give the effective modulus E = (E/ 1 - 17 2) [27]. The 
opening angle of the cone indicated by the manufacturer 
was 55°. The spring constants were calibrated using 
cantilevers of known spring constant. For repulsive 
curves, the zero of separation was estimated as the point 
where the force deviated from zero. The constant com-
pliance was calculated from the force-distance curves of 
each tip against a silicon wafer. 

Imprints of the surface were obtained from circular 
samples of bovine cartilage (diameter 10 mm) immedi-
ately after removal from the joint without washing. The 

Figure I. SEM image of an NP-20 AFM lip measured al 20 kV. 
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samples were placed in a metal tube and covered with a 
dental kit oflow viscosity (Prestige Light™, MF Dental, 
Germany) and a pressure of 0.50 MPa was applied for 
IO min, in which time the dental kit hardened. The po-
sitive imprint of the hardened dental kit was obtained 
with an epoxy resin (Durcupan™, Fluka Chemie GmbH, 
Buchs, Switzerland). 

3. Results 

3.1. ESEM and AFM images 

ESEM of the human articular cartilage showed a 
smooth gel-like surface with some protrusions 
(figure 2(a)). When the cartilage was washed in PBS for 
5 h, the gel-like layer disappeared (figure 2(b)). The 
surface appeared rougher and uniform. A section 
through the cartilage, parallel to the surface, showed a 
fibrous structure with lacunae from chondrocytes 
(figure 2(c)). 

As the cartilage samples were obtained from patients 
with diseased joints and may have been altered by freez-
ing, ESEM was also carried out with bovine articular 
cartilage immediately after removal from the joint. As 
with human cartilage, a superficial gel-like layer was also 
observed and washed away with PBS (not shown). When 
the samples were left in the ESEM for more than 20 min at 
0.8 Torr, the superficial layer dried out. The deformation 
of the surface caused by loss of water is shown in fig-
ure 2(d). The superficial gel-like layer was recovered when 
the samples were rehydrated in PBS for 5 min. 

AFM of human articular cartilage was carried out in 
PBS. After thawing, the samples were preincubated in 

Figure 2. Environmental SEM measurements at 3 kV and 0.8 Torr of 
the surface of human femur cartilage before (a) and after (b) washing 
with PBS. {c) Image of a section through the cartilage parallel to 
surface. (d) Surface of the sample shown in (a) after drying in the 

ESEM chamber. 

PBS at room temperature for 30 min. Strong adhesion 
between the tip and the cartilage surface prevented 
imaging of the samples immediately after thawing. AFM 
height and deflection images of the gel-like layer in PBS 
showed a uniform surface that was streaked easily by the 
AFM probe (figure 3(a, b)). Extensive washing of the 
cartilage with PBS followed by AFM revealed a more 
solid and granular appearance of the surface (figure 3(c, 
d)). Profiles taken from the centre of the height images 
of the cartilage before (figure 3(e)) and after (figure 3(f)) 
washing with PBS showed distinct topographies of the 
two samples [28]. 

Images of the bovine cartilage, measured in PBS be-
fore and after washing with PBS, were similar to those of 
human samples in PBS. AFM images of bovine articular 
cartilage, obtained in the presence of synovial fluid 
immediately after removal from the joint (figure 4(a)), 
were also similar to those of human (figure 3(a)) and 
bovine articular cartilage in PBS. Much like the human 
cartilage, a granular layer appeared on the cartilage 
surface upon removal of the gel-like layer with PBS 
(figure 4(b)). As it was not possible to obtain a micro-
scopic image of the cartilage surface in synovial fluid, a 
section through the middle of the cartilage, parallel to the 

"" (e) 

Figure 3. AFM height (a, c) and deflection (b, d) images of 5x5 11m 
on human femur cartilage in PBS, before (a, b) and after (c, d) washing 
with PBS. (e) Profile in Lhe middle of the height image shown in (a). (l) 

Profile in the middle of lhe height image shown in {c). 
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Figure 4. AFM heighl images of a 5 x 5 11m area of bovine cartilage in 
synovial fluid: surface before (a) and afler (b) washing wilh PBS. 
(c) Surface of a section through carlilage, parallel to surface (area 
30 x 30 /Im, height range 700 nm) ( d) Profile in Lhe middle of the height 
image shown in (a). (e) Profile at approximately Lhe middle of the 

heighl image shown in (b). 

surface, was imaged to ensure that the two sides of the 
cartilage sample could be distinguished. This image 
showed the structure of collagen fibres (figure 4(c)). 
Profiles were taken from the height images of the samples 
before and after a PBS wash (figure 4(d, e)). 

3.2. AFM.force-distance curves 

Force-distance curves were obtained for the surface 
of bovine articular cartilage in the presence of PBS and 
synovial fluid. The bovine cartilage was removed from 
the joint and then fixed to a silicon wafer before being 
submersed in PBS. During the first 20 min after sub-
mersion, strong adhesion prevented the cantilever from 
moving away from the surface and, as a consequence, 
force-distance could not be measured. The decrease in 
adhesion with time, reflecting changes on the cartilage 
surface, made sequential measurements in different 
areas of the same sample impossible. Therefore, seven 
different specimens were measured. Figure 4 shows the 
change in the curves for unloading over time at the 
beginning of the measurement. While adhesion was still 
strong (figure 5), a fit for the Hertz equation could not 
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Figure 5. Unloading force-dislance curves of four measurements al 
(a) 20 min, (b) 22 min, (c) 24 min, and (d) 26 min after submersion of 
lhe bovine cartilage in PBS. The indentalion inlo Lhe surfaces increases 

with decreasing adhesion. 

be found as this equation does not allow for adhesion 
[27]. Johnson-Kendall-Roberts theory allows adhesive 
curves to be fitted, however the tips used in this study 
were closer to a conical than to a spherical shape. With 
time, better fits of the curves were obtained although 
some adhesion was still evident during unloading. 

The effective modulus (E* = (E/1 - 172)) of the 
superficial gel-like layer in PBS and the adhesion of the 
AFM tip to the surface decreased with time (figure 6). A 
small swelling occurred on the surface. As a conse-
quence, the tip had to be removed from the surface 
between measurements. Finally, the force-distance 
curves, for loading and unloading, became repulsive and 
the effective modulus dropped to a very low level. The fit 
for the Hertz equation at this stage was very poor. For 
the seven samples measured, the effective modulus 
dropped from a maximum of 481 kPa (R2 = 0.996) at the 
beginning of the experiment to a minimum of 4 kPa 
(R2 = 0.974) after 1 h. Clearly, a number of assumptions 
have to be made for the Hertz equation. These include 

50 

40 
z 
.5. 30 

~ 0 20 
u.. 

10 

100 200 300 400 500 
Separation (nm) 

Figure 6. Force-dislance curves filled with the Herlz equation for 
three measurements in PBS. The number of data poinls has been re-
duced for clarily. (a) E*=481 kPa, R 2 =0.996, b) E*=234 kPa, 

R2 =0.996, (c) E* = 106 kPa, R2 = 0.999. 
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Figure 7. Fitted curve for force-distance measurement on bovine 
cartilage in synovial fluid. The number of data points has been reduced 

for clarity. 

the assumption that the change in the gel-like layer 
during the measurement is not significant. If the drop in 
the effective modulus between the measurement of 
curves (a) and (b) in figure 6 was linear, the change in 
the modulus during the measurement of curve (a) would 
be less than 1 kPa. 

Force-distance curves were also obtained for 3 
positions on 5 samples of bovine articular cartilage in 
synovial fluid. The samples remained covered with fluid 
during preparation, and only the bone side was dried 
with a paper towel before gluing it to a silicon wafer. 
The curves, for loading and unloading, were repulsive, 
as with those recorded in PBS at longer times, and they 
remained constant over a period of 30 min. The 
effective modulus, E*, was 9 ± 2 kPa (figure 7). The 

(C') 

thickness of the gel-like layer was estimated by forcing 
the tip into the layer in stages and then imaging. In this 
way, a thickness of 20± 10 1im was obtained from 
measurements on five samples. When the cartilage was 
washed with PBS, the synovial fluid was also removed. 
These samples were, therefore, re-submersed in the 
synovial fluid before force-distance measurements. The 
results also indicated a repulsive interaction between 
the AFM tip and the cartilage surface and no change 
with time. The effective modulus for 3 positions on 5 
samples was 24 ± 3 kPa. Attempts to increase the speed 
of loading resulted in curves which could not be 
interpreted, probably due to the high viscosity of the 
synovial fluid. 

3.3. AFM of imprints 

In order to determine the surface roughness of the 
cartilage under pressure, imprints were made with a 
dental kit and 0.5 MPa applied pressure. A positive 
image was obtained from the imprint with an epoxy 
resin. AFM images of the surface of the epoxy resin 
revealed a mean surface roughness of 196 ± 39 nm for an 
area of20x20 1im and 19±3 nm for an area of3x3 1im 
(figure 8). 

4. Discussion 

The ESEM images of human and bovine cartilage 
showed three distinct layers. The ease of removal of the 

(h) 

,--, 

Figure 8. Representative AFM image of the epoxy resin surface derived from a dental kit imprint of the cartilage surface subjected to 0.5 MPa 
pressure: (a) 3-D height image of an area of 20x20 11m, height range 500 nm, (b) 3-D height image of an area of 3x3 /Lm, height range 

100 nm, (c) height image, area 5x5 11m, (d) profile in the middle of the height image shown in (c). 
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uppermost layer with PBS suggests that it is not part of 
the cartilage, but rather a separate layer, perhaps 
deposited from the synovial fluid or produced by cells in 
the cartilage. Results from a number of studies indicate 
a non-fibrous layer that covers the fibrous articular 
cartilage surface [9,10,14]. AFM measurements carried 
out by Sawae et al. were consistent with a gel-like layer 
with protrusions similar to those observed with ESEM. 
However, they found areas of granular structures on in 
the same surface as the gel-like layer and not on removal 
of the latter [10]. 

In the present study, imaging of articular cartilage 
surface with ESEM and AFM revealed three distinct 
layers. The uppermost layer had a gel-like appearance 
and was removed when the samples were thoroughly 
washed with PBS. The next layer showed a granular 
structure that covered the fibrous collagen matrix of the 
cartilage. AFM images of cartilage in synovial fluid 
also indicated a gel-like layer. This suggests that the 
gel-like surface of the cartilage also exists in the intact 
joint and was not deposited during removal from the 
joint or preparation in PBS. Scanning the cartilage 
surface in PBS with AFM required an equilibration 
period of 30 min to reduce an initially strong adhesion 
between the AFM tip and the cartilage surface. On the 
other hand, adhesion between the AFM tip and the 
surface was not observed when the cartilage specimen 
was submersed in synovial fluid. This indicated that the 
surface was sensitive to changes in the environment 
that occurred on removal from the joint and submer-
sion in PBS. This was confirmed by force-distance 
measurements over time. In the ESEM images, the gel-
like layer had a solid appearance and the initial AFM 
force-distance curves led to correspondingly high 
effective moduli. However, the gel-like layer became 
significantly softer with time in PBS, and appeared to 
dissolve. The effective modulus measured in synovial 
fluid did not change with time. It was higher than the 
final value found in PBS, but significantly lower than 
that measured immediately after the preincubation 
period in PBS. The low effective modulus of the carti-
lage in bovine synovial fluid suggests that the gel-like 
layer contains a large amount of water. Therefore, it is 
conceivable that this layer looses water after removal of 
synovial fluid. Subsequent rehydration with PBS would 
then account for the dramatic change in the effective 
modulus with time. The change from an adhesive to a 
repulsive interaction between the AFM tip and the 
sample also indicated a change in the chemical com-
position of the surface. This is consistent with the high 
hydrophobicity of the gel-like surface upon removal of 
synovial fluid [5]. The adhesion observed during mea-
surements on cartilage in PBS can be assigned to 
hydrophobic adhesion, which is known to reach large 
values (figure 5) [29]. Hydrophobic adhesion was not 
observed when the cartilage was submersed in synovial 

fluid. This can be explained by the denaturation of 
proteins on the gel-like surface upon removal of the 
synovial fluid and their subsequent release into PBS 
after rehydration. Alternatively, with the loss of water, 
highly hydrophilic molecules in the gel-like layer may 
migrate towards the cartilage matrix, leaving the more 
hydrophobic molecules on the surface. Upon read-
sorption of water from PBS, this process would then be 
reversed. The effective modulus for the surface after 
removal of the gel (24 ± 3 kPa) in synovial fluid was 
similar to that found in AFM measurements on carti-
lage in PBS [19]. 

A number of techniques have been used to deter-
mine the roughness of the superficial layer of cartilage 
without loading [20,21]. However, as cartilage is a 
viscoelastic material, the structural response of the 
surface to pressure is of interest. Kobayashi and Oka 
used confocal laser scanning microscopy to analyse 
the surface of cartilage during compression with a 
glass plate [30]. They found that the surface, in areas 
of direct contact, appeared smooth and depressions 
disappeared. They also observed areas in which a fluid 
film separated the cartilage from the glass. In the 
present study, the roughness of the surface was 
determined on an epoxy resin image of a cartilage 
imprint obtained under 0.5 MPa pressure with a low 
viscosity dental kit. The AFM image of the epoxy 
resin was similar to the granular image of the PBS-
washed cartilage with the gel removed. Based on mi-
cro-elastohydrodynamic lubrication concepts, Dowson 
and Jin have proposed a model in which the surface 
roughness causes pressure perturbations [2]. These 
perturbations lead to a flattening of the initial asper-
ities and result in a roughness that is significantly 
smaller than the predicted film thickness. A certain 
roughness is also a prerequisite for the microscopic 
flow model. Ikeuchi et al. found that fluid is initially 
trapped between asperities after loading [3]. They 
proposed that creep deformation then occurs at the 
contacting asperities due to flow caused by the pres-
sure gradient from the cartilage to the space between 
the contacts. 

Flattening of the asperities could not be determined 
from the image of the surface under one pressure. 
However, further work is being carried out to deter-
mine the effect of varying pressure on the surface 
roughness. 

In this work, removal of the superficial gel-like layer 
exposed a non-fibrous surface, consistent with the 
observation of Orford and Gardner that there are two 
non-fibrous layers on top of the fibrous collagen net-
work of articular cartilage [11]. It has been proposed 
that the gel-like layer traps water and prevents it from 
being squeezed out during loading [12,13]. Therefore, a 
fluid film is maintained between the surfaces even at low 
speeds. 



R. Crockell et al./ESEM and AFM of cartilage 317 

5. Conclusion 

ESEM and AFM showed a soft gel-like layer on the 
surface of human and bovine cartilage. This layer was 
observed on cartilage submersed in PBS and in synovial 
fluid. However, the elastic modulus of the gel-like layer 
in PBS changed over time, and was different from that 
measured in synovial fluid. Therefore, it is concluded 
that sample storage and handling can play a critical role 
in the results of surface measurements. The low elastic 
modulus of the gel-like layer suggests that water is a 
predominant component. This is consistent with the 
theory that the mechanism of lubrication in natural 
joints involves the maintenance of a fluid film on the 
surface, analogous to boundary lubrication with poly-
electrolyte brushes [ 12]. The observed roughness of the 
surface under pressure supports the models of elasto-
hydrodynamic lubrication proposed by Dowson and 
Jin, and Ikeuchi [2,3]. The chemical composition of the 
gel-like layer remains to be analysed and further 
experiments are required to determine to what extent the 
water is forced out of the gel during loading. 
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