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Abstract. Extensive collagen cross-linking affects the mechanical competence of articular cartilage: it can make the
cartilage stiffer and more brittle. The concentrations of the best known cross-links, pyridinoline and pentosidine,
can be accurately determined by destructive high-performance liquid chromatography (HPLC). We explore a non-
destructive evaluation of cross-linking by using the intrinsic fluorescence of the intact cartilage. Articular cartilage
samples from bovine knee joints were incubated in threose solution for 40 and 100 h to increase the collagen cross-
linking. Control samples without threose were also prepared. Excitation-emission matrices at wavelengths of 220
to 950 nm were acquired from the samples, and the pentosidine and pyridinoline cross-links and the collagen
concentrations were determined using HPLC. After the threose treatment, pentosidine and lysyl pyridinole (LP)
concentrations increased. The intrinsic fluorescence, excited below 350 nm, decreased and was related to pento-
sidine [r = —0.90, 240/325 nm (excitation/emission)] or LP (r = —0.85, 235/285 nm) concentrations. Due to over-
lapping, the changes in emission could not be linked specifically to the recorded cross-links. However, the
fluorescence signal enabled a nondestructive optical estimate of changes in the pentosidine and LP cross-linking
of intact articular Cartilage. © 2012 Society of Photo-Optical Instrumentation Engineers (SPIE). [DOI: 10.1117/1.JBO.17.9.097003]
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1 Introduction

The main components of articular cartilage are collagens, pro-
teoglycans (PGs), and interstitial water, which accounts for 65%
to 80% of the total tissue weight.! Collagen establishes a fibrous
network in the cartilage, and the fibrils in the surface orient
themselves parallel to the articular surface, is more random in
the middle layer and turn perpendicular to the cartilage-
subchondral bone interface in the deep tissue.! Such a fibrous
network, when interacting with PGs and water, provides articu-
lar cartilage with its unique mechanical properties. The mechan-
ical strength of collagen fibrils is controlled by the intra- and
inter-molecular cross-linking of collagen molecules. Cartilage
collagen has been estimated to have a half-life of over one
hundred years.? Therefore, advanced glycation end products
(AGEs) can accumulate along aging in the tissue® to act as
cross-links. This can increase the mechanical stiffness of the
cartilage.*® Potentially, age-related changes in the collagen net-
work, especially in the cross-links, can make the cartilage more
brittle. This may further contribute to an increased vulnerability
of the cartilage to injury in old age.’

The quality and concentration of the collagen cross-links
can be assessed by quantifying their natural fluorescence.
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Age-independent cross-links, i.e., hydroxylysyl pyridinoline
(HP) and lysyl pyridinoline (LP),” are measured at excitation/
emission wavelengths of 295/395 nm® or 295/400 nm.” Sev-
eral compounds in cartilage fluoresce in the same wavelength
range, e.g., 2,6-dimethyldifuro-8-pyrone (DDP), a cartilage-
specific compound and a potential indicator of cartilage meta-
bolism, fluoresces at 306/395 nm.'® The AGEs are routinely
assessed by their fluorescence at 360/460 nm,>''"'3 however,
a specific AGE, pentosidine (Pent), has its fluorescence maxi-
mum at 335/385 nm.'* High-performance liquid chromatogra-
phy, HPLC, has been traditionally used for the quantification of
Pent concentration.” As HPLC analysis necessitates complex
and destructive sample processing techniques: it is not feasible
for in situ or in vivo measurements.

The fluorescence of AGEs may be linked to the development
of osteoarthritis (OA) in the cartilage. Typically, the fluores-
cence first diminishes around the chondrocytes as the cartilage
matrix starts to degenerate.'> However, when OA progresses and
cartilage degeneration is clinically evident, the intrinsic fluores-
cence (335/400 nm and 370/440 nm) increases.'® The tensile
strength of intact cartilage has been reported to be significantly
correlated with the fluorescence ratio of Pent and pyridinoline
after the samples are lyophilized and digested using proteinase
K." Furthermore, significant differences in the fluorescence and
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mechanical properties between naturally aged and OA cartilage
have been demonstrated.'”

In the present study, we generate AGEs experimentally in
bovine articular cartilage by incubating samples in a threose
solution. According to Verzijl et al.’ threose generates at least
N¢-(carboxymethyl)lysine (CML), formyl threosyl pyrrole
(FTP), threosidine, and Pent. Hence threose may be used to
mimic one aspect of cartilage aging, i.e., the accumulation of
AGEs. In this study, we investigate how the cartilage’s intrinsic
fluorescence is modified by the threose treatment and how the
generation of AGEs, as evidenced by HPLC, can be observed
from intact tissue, i.e., without digestion or other processing of
the cartilage.

2 Materials and Methods

2.1 Sample Preparation

Intact bovine knee joints (n =9, age = 18 months) were
obtained from the local abattoir (Atria Oyj, Kuopio, Finland).
After opening the joint, osteochondral samples (n = 36) were
removed from the upper lateral quandrant of the patellae.
Four samples (diameter = 6 mm) within an area smaller than
25 mm in diameter were harvested from each patella. The con-
trol samples (n = 12, 2/knee) were immersed in a cell culture
medium [Dulbecco’s modified Eagle’s medium (DMEM) low
glucose 1 g/1, without phenol red, Sigma Aldrich Co., St.
Louis, MO], with 100 U/ml penicillin, 100 g/ml streptomycin,
10 mM HEPES buffer solution, 1 mM L-glutamine (EuroClone
S.p.A., Milano, Italy), and 70 pg/ml vitamin C (Sigma Aldrich
Co.). For the other samples, 100 mM L-threose (Sigma Aldrich
Co.) was added in liquid to induce cross-link formation.’> The
samples were incubated in 5% CO,/95% air atmosphere at
37°C. The incubation time for the control samples and the 12
samples with threose was 40 and 100 h for the six samples
with threose treatment. Control samples (n = 6) for 100 h
threose treatment were also prepared but had to be rejected
due to algae found in the medium after incubation for 100 h.
For additional noncontact optical measurements (data not
shown), the samples were removed after every 5 h from the incu-
bator during the first 40 h and after every 15 h thereafter. After
incubation, all the samples were changed into fresh control
liquid (the same as the control incubation liquid), and the car-
tilage thickness was determined using a stereomicroscope at
four locations around the edge of the sample.'® After the thick-
ness measurements, the samples were frozen (—20°C) until the
fluorescence measurements.

2.2 Excitation-Emission Matrix Measurement

The excitation-emission matrices (EEMs), representing the
fluorescence of the samples, were measured using a bispectrom-
eter (Fig. 1). In the bispectrometer, the sample was illuminated
by a xenon arc lamp (Oriel M-66923 housing, Newport Cor-
poration, Irvine, CA, and Osram XBO 450 W /4 bulb, Osram
AG, Winterthur, Switzerland) attached to a monochromator
(DTMc300, Bentham Instruments Ltd., Berkshire, UK). The
emitted light from the sample was collected in 0/45-geometry
(illumination at the normal angle and detection at an angle of
45 deg) into a spectrograph (PMA-12, Hamamatsu Photonics
K.K., Hamamatsu City, Japan). The setup allowed illumination
and detection in the wavelength range 220 to 950 nm.
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After thawing, the samples were kept moist and placed on
top of an ultraviolet fused silica plate that was facing down
on a droplet of the control liquid. The measurement was con-
ducted from below. To compensate for the spectral and temporal
changes of the light source, and to calculate the bispectral radi-
ance factor,'® a non fluorescent reference material (SRS-02-010,
Labsphere, Inc., North Sutton, NH) was measured sequentially
along the samples. Each measurement took approximately
10 min. The reference was not immersed, but measured through
the identical silica plate as the sample. The bispectral radiance
factor of the liquid was subtracted from the measurement of each
sample. The calculations were made using MATLAB (R2010a,
MathWorks Inc., Natick, MA).

2.3 Analysis of Collagen Content and Cross-Links

The samples were weighed, lyophilized, and weighed again to
determine the water content of the cartilage. HP, LP, and Pent
were assessed using the HPLC methodology presented in more
detail in a previous study.?® Shortly, dried samples were acid
hydrolyzed, evaporated, and dissolved into water. A single
reversed-phase HPLC run was used to record the intrinsic fluo-
rescence of the HP, LP, and Pent. The fluorescence at
295/400 nm (excitation/emission) was used for HP and LP,
and at 328/378 nm to measure Pent. One additional run at
250/378 nm was also made for Pent to find out whether its
fluorescence can be excited in that range®' where the Pent
absorption is known to be high.?? The cross-links were quanti-
tated against pure standard compounds with known concentra-
tions.” The collagen concentration was calculated with the aid of
hydroxyproline, the collagen specific amino acid, which was
assessed spectrophotometrically.® Pentosidine concentrations
are expressed as mmol/mol collagen and HP and LP as mol/
mol collagen. The HPLC system in use included a Quaternary
Gradient Pump unit, PU-2089 Plus, an Intelligent Autosampler

XENON
LIGHT
\ EXCITATION
CARTILAGE N MONOCHRO-
SAMPLE MATOR
OPTICAL
FIBER
SPECTROGRAPH

Fig. 1 Schematic presentation of the measurement setup using a bi-
spectrometer. A monochromator was used to filter the light from the
xenon light source. The light emitted from the sample was collected
to an optical fiber in 0/45 geometry and analyzed using a spectrograph
detector.
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Table 1 Cartilage thickness, water content, collagen concentration, and pentosidine, hydroxylysyl pyridinoline (HP), and lysyl pyridinoline (LP)
concentrations (all three normalized to collagen) in the control samples and in the samples with 40 h and 100 h threose treatments. The pentosidine
concentration in control samples was below the detection limit 0.004 mmol/mol.

Thickness Water Collagen Pentosidine/collagen HP/collagen LP/collagen
Samples (mm) content (%) (mg/mg d.w.) (mmol/mol) (mol/mol) (mol/mol)
Control (n=12) 1.81+0.28 76.32+1.70 0.736 +0.072 <0.004 1.123 £0.121 0.017 +£0.004
THR 40 h (n=12) 1.92+0.37 76.19 £2.41 0.664 +0.134 3.850 +0.882 1.394 + 0.294 0.042 + 0.009
THR 100 h (n=¢) 2.09 £0.42 78.07 £2.53 0.588 +0.050 5.067 +0.750 1.248 £0.248 0.058 +0.012

bold p < 0.01 compared to control samples, Wilcoxon Signed Rank test (for 40 h) or Mann-Whitney U-test (for 100 h).

AS-2057 Plus, and an Intelligent Fluoresence Detector, FP-2020
by Jasco (Jasco Scandinavia AB, Mélndal, Sweden). The HPLC
data was processed with Jasco Chrompass software (Jasco,
Sweden). The LiChroCART® 125-4 column was from Merck
Hitachi (Merck KGaA, Darmstadt, Germany).

2.4 Statistical Analysis

The optical and biochemical parameters were mostly non-
normally distributed. Therefore, correlations between the
parameters were calculated by using the Spearman correlation
analysis. The Wilcoxon Signed Rank test (for the 40 h group
with dependent samples) and the Mann—Whitney U-test (for
the 100 h group with independent samples) were used to eval-
uate the significance of the difference between the parameters
of the control samples and the samples with threose treatments.
The limit for statistically significant difference was set to
p <0.01. All the statistical analyses were conducted using
MATLAB (R2010a, MathWorks Inc., Natick, MA).

3 Results

The thickness and water content showed no significant differ-
ences after the threose treatment. The Pent and LP concentra-
tions, both normalized to collagen, increased significantly
(p <0.01) with the time of incubation in threose (Table 1).
The collagen concentration decreased during the threose incu-
bation, and after 100 h, it was significantly (p < 0.01) lower
than that in the control group (Table 1). The changes in HP
concentration increased significantly (p < 0.01) during the 40 h
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threose treatment. However, the difference was insignificant
after the 100 h treatment (Table 1).

After the acquisition of the fluorescence EEMs, the fluores-
cence of the immersion liquid was subtracted and the EEMs
were normalized by the wet weight of the samples. In order
to show the wavelengths with specific changes after the threose
treatment, the mean of the EEMs of the control samples was
subtracted from the mean of the EEMs of the samples after
the 40 and 100 h threose treatments (Fig. 2). In the threose
treated samples, the fluorescence was found to increase in the
visible range when excited at 400 nm (the characteristic AGE
fluorescence) and at 490 nm (Fig. 2 and Table 2). In the ultra-
violet band, excitations at 330 nm and 280 nm or below the
fluorescence were reduced by more than 50%, as compared
to the control (Table 2).

Significant correlations were found between the fluorescence
parameters and the Pent or LP concentrations [Figs. 3(a) and 4].
Furthermore, the concentrations of Pent and LP were also sig-
nificantly correlated [Fig. 3(b)]. Based on the local maximum
correlations found at 235 and 330 nm (Fig. 3), they were
selected as the wavelengths of interest (Table 2 and Figs. 4
and 5). The HP concentration was more weakly related with
the EEM data, as evidenced by a lower correlation (the best
was at 260/295 nm, r = —0.61, p <0.001). The threose-
induced changes in the fluorescence emissions in Pent and
LP are similar at excitation wavelengths of 235 and 330 nm
(Fig. 4).

The emission spectra, excited at 330, 400, and 490 nm,
showed a single fluorescence emission. At 330 nm excitation,
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Fig. 2 Mean excitation-emission matrix (EEM) of the threose treated [(a) 40 h treatment, n = 12 and (b) 100 h treatment, n = 6] samples, with the mean
EEM of the control samples (n = 12) subtracted. The dashed lines denote the intersections used in the present study. The fluorescence at wavelengths

above 650 nm is minimal, and the data is not presented.
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Table 2 Total fluorescence emission (sum of the rows in the excitation-emission matrix) of control samples and samples with 40 or 100 h threose
(THR) treatments. Excitation at wavelengths 235, 280, 330, 400, and 490 nm were selected.

235 nm 280 nm 330 nm 400 nm 490 nm
Samples Sum of fluorescence per wet weight, Mean & SD x (10-39)
Control (n=12) 220.18 +£26.27 376.57 + 36.41 478.52 £52.94 85.73+11.40 27.62 £ 3.60
THR 40 h (n=12) 96.86 +35.03 95.80 +24.01 279.84 + 64.65 196.23 + 47.63 77.59 +21.57
THR 100 h (n=¢) 38.14+8.77 27.76 +8.02 128.08 + 27.82 159.01 +32.30 81.06 +18.60

bold p < 0.01 compared to control samples, Wilcoxon Signed Rank test (for 40 h) or Mann-Whitney U-test (for 100 h).

the emission decreased with the incubation time in threose
(Fig. 5). At 400 and 490 nm excitations, the threose treatment
generated a fluorescence emission at 500 to 600 nm. When
excited at 235 nm, the emission spectrum had two emission
maxima, at approximately 330 and 400 nm. The 330 nm emis-
sion was dominant in the control samples. It decreased more
rapidly than the 400 nm emission during the threose incubation,
and after 40 h of incubation, the dominant emission was at
400 nm (Fig. 5). A similar trend, but not as clear, was also
present when excited at 280 nm.

4 Discussion

In the present paper, we investigated the feasibility of non-
destructive evaluation of changes in cartilage cross-link concen-
tration using intrinsic fluorescence measurements. Advanta-
geously, the approach could allow a fast assessment of cross-
links in intact cartilage. The changes in cross-link concentration
were induced by threose treatments for 40 or 100 h and verified
by HPLC analyses. We found that the increases in Pent and pyr-
idinoline cross-link levels were significantly accompanied by
the changes in fluorescence, as easily assessed by using indivi-
dual excitation/emission pairs or sum of rows in the EEMs.
Furthermore, complex fluorescence patterns related to the
increase in AGEs after threose treatment were revealed. The
Pent and LP concentrations were significantly inter-related
after threose treatments. As their fluorescences overlapped,

(@ , , , ,
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Wavelength [nm]

LP [mol] / Collagen [mol]

we could not effectively separate their individual contributions
to the fluorescence signal.

The measured EEMs of intact bovine articular cartilage were
similar to those found earlier for human articular cartilage.* The
intrinsic fluorescence, when excited at wavelengths 400 or
490 nm, increased during threose treatment. The 400 nm
light is known to excite the characteristic fluorescence of
AGEs'? (usually 370/440 nm). Earlier, Nagaraj and Monnier®
generated fluorescent AGE compounds by incubating lens crys-
tallins and ribonuclease A in L-threose. The time-dependent var-
iations in fluorescence, similar to our findings, were related to
FTP. After three days of treatment, the fluorescence started to
decrease and then rose again.”® In the present study, the other
increased fluorescence (excited at 490 nm) corresponds well
with the 450/530 nm fluorescence measured for bovine articu-
lar cartilage powder by Richards-Kortum and Sevick-Muraca.?®
A similar fluorescence over 500 nm has been reported for
human AGE modified collagen.'> In the present study, none
of the fluorescence excited above a wavelength of 350 nm
were significantly related with the changes in the Pent concen-
tration. Therefore, the increased fluorescence in the visible
range could not be used to estimate the cross-links of interest.

The Pent concentration increased and the LP concentration
was more than three times higher than that in the control samples
after the 100 h threose treatment (Table 1). Surprisingly, the
fluorescence emission at 380 to 400 nm, which has been related
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Fig. 3 (a) Correlations between the pentosidine (Pent., dotted line) or lysyl pyridinoline (LP, solid line) concentrations and sums of rows in excitation-
emission matrix when excited (ex., no marker) or column when emitted (em., with markers) at different wavelengths (the emission of the control
immersion liquid was first subtracted). The horizontal lines highlight the maximum correlation coefficients found in one individual element of
EEM. (b) Correlation between the Pent and LP concentrations in all samples (control, n =12; THR 40 h, n =12; THR 100 h, n = 6). The best fit

line is for illustration only.
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Fig. 4 Correlations between the pentosidine [Pent., (b) and (d)] or lysyl pyridinoline [LP, (a) and (c)] concentrations and sums of row in EEM when
excited at wavelengths 235 nm [(a) and (b)] or 330 nm [(c) and (d)] in all samples (control; n = 12; THR 40 h; n = 12 and THR 100 h; n = 6). The best fit

lines are for illustrations only.

to pyridinoline and Pent, decreased during the threose treatment.
This reduction of fluorescence may result from a decrease in the
other fluorescent compounds, such as DDP (emission max.
395 nmlo). Furthermore, after accumulation of AGE products,
the diminished fluorescence may relate to an increased absorp-
tion that overruns the possible Pent and LP emissions. The Pent
and the pyridinoline have their absorption maxima at the wave-
lengths below 350 nm’*> When excited at 235 nm, the two emis-
sion maxima (350 and 400 nm) decrease at different rates during
cross-link formation, consistent with the absorption curves.”*?
Unfortunately, the present data did not let us link the reduction
of the fluorescence specifically to potential changes in cross-link
absorption or to biochemical changes in tissue composition. The
contributions of the Pent and LP absorptions could be evaluated,
e.g., by using tissue phantoms with natural fluorophores and
variable concentrations of Pent and LP. An additional Monte
Carlo simulation of photon interactions in such phantoms
could provide deeper insights into the role of Pent and LP
absorption. These evaluations will be extensive and must be
left for future work.

The highest association between the fluorescence and the
change in Pent concentration (r = —-0.90, p <0.001) was
found at 240/325 nm. By using the sum of the emissions
when excited at 235 or 330 nm, correlations of r = —0.87,
p <0.001, and r=-0.85, p<0.001, respectively, were
obtained. The corresponding values for LP were r = —0.85, p <
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0.001 (best at 235/285 nm), r = —0.81, p < 0.001 (excitation
235 nm), and r = —0.81, p < 0.001 (excitation 330 nm). As the
LP and Pent concentration were highly interrelated in the sam-
ples (r = 0.90, p < 0.001) and the fluorescence of LP and Pent
overlap, it was not possible to identify specifically LP or Pent by
the methods used. We performed one additional HPLC run at
250/378 nm, i.e., using the Pent emission wavelengths. The
fluorescence increased when excited around 250 nm (Fig. 2).
The HPLC confirmed that the fluorescence was not related to
pentosidine. We also performed a linear regression analysis
to find the specific EEM elements that best represented either
Pent or LP. That approach was not successful, either.

The close interrelation between the LP and Pent concentra-
tions after threose treatments is not typical of human articular
cartilage during aging. In humans, the Pent concentration
increases linearly after the age of 18 years, whereas the LP
and HP concentrations remain nearly constant during aging.”’
The mean concentration of Pent after 100 h of threose treatment
(5.067 mmol/mol of collagen) corresponds to that of 20 to 30
years old human cartilage.?” The LP concentration, both in the
control and the treated samples, was smaller by an order of mag-
nitude than the HP concentration. Therefore, in the present
study, the impact of LP on the optical properties of the cartilage
was probably minor compared to that of the total pyridinoline.

Both the EEM and HPLC methods detect the intrinsic fluo-
rescence of articular cartilage. When determining the collagen

September 2012 « Vol. 17(9)
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Fig. 5 Mean fluorescence emission at one excitation wavelength in the control samples (n = 12) and samples after threose treatment (THR 40 h; n = 12
and THR 100 h; n = 6). Excitations at wavelengths of 235, 280, 330, 400, and 490 nm were selected. The peaks in the two bottom plots are remnants

of the Rayleigh scattering.

cross-links by the HPLC method, noncollagenous materials are
removed by hydrolysis.” An additional pepsin digestion in acetic
acid can be used.?® This reduces the amount of fluorescent com-
pounds in articular cartilage. Advantageously, the detection of
the cross-link fluorescence in HPLC is performed after the com-
pounds are separated chromatographically. The EEM method
presented here instead detects all the fluorescent compounds
in intact articular cartilage. When the emissions of different
compounds overlap extensively, it is difficult to separate the sig-
nals related to the individual tissue components. Possibly, more
rigorous data analysis or a time-resolved fluorescence detection
could be used to separate the overlapping fluorescences. Inter-
estingly, Elson et al.”® reported differences in fluorescence life-
time images between healthy and diseased human articular
cartilage.

In the present study, as in any study, there are limitations in
the analysis and to the generalization of the results. The fluor-
escence matrices were normalized by the sample wet weight,
and as the water content varied among samples, this can affect
the relationship between the calculated optical parameters and
the reference parameters. We also calculated the results after
normalizing by tissue dry weight. This made no significant
changes in the results, and the conclusions of the study were
the same. Another limitation is the lack of the 100 h control
group for 100 h threose treatment. In our earlier study with simi-
lar samples and treatments for six days,® the properties in the
control samples were nearly similar to our 40 h control
group. Only the HP concentrations were higher, and we find
the comparison of the 100 h threose treated samples with the
40 h control samples feasible.

In summary, we increased the collagen cross-linking of
bovine articular cartilage in vitro. The cross-link related
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fluorescence was assessed using a bispectrometer, and the mea-
surements were compared with the HPLC analysis. New fluo-
rescence compounds were observed in the tissue, however, the
wavelengths with reduced intrinsic fluorescence were signifi-
cantly related to the accumulation of pentosidine or of LP.
Based on the present results, measurement of the whole EEM
is not necessary, but the sum of the emissions at single wave-
length excitations can be easily realized with a narrow band light
and a broad band detector. Such a realization could result in fast,
nondestructive estimation of cross-link changes, even though a
completely specific analysis may be challenging.
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