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a b s t r a c t

A rapid high performance liquid chromatographic method was developed including an internal stan-
dard for the measurement of mature and senescent crosslinks concentration in non-demineralized bone
hydrolysates. To avoid the demineralization which is a tedious step, we developed a method based on the
use of a solid-phase extraction procedure to clean-up the samples. It resulted in sensitive and accurate
measurements: the detection limits as low as 0.2 pmol for the pyridimium crosslinks and 0.02 pmol for
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the pentosidine. The inter- and intra-assay coefficients of variation were as low as 5% and 2%, respectively,
for all crosslinks.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

Crosslinks of collagen play an important role in bone strength
nd mechanic stability of the collagen network. They are signifi-
ant molecules in several kinds of connective tissue abnormalities
nd age-dependent modifications. Crosslinks with fluorescent
roperties are derived from two different pathways: those ini-
iated by the enzyme lysyl oxidase and those derived from the
on-enzymatic glycation [1–3]. The enzymatic process leads to
he formation of mature trivalent crosslinks, pyridinoline (PYD)
nd deoxypyridinoline (DPD) that stabilize the collagen fibers.
n the other hand, the formation of advanced glycation end
roducts (AGEs) has been described in type I collagen which
esults in the accumulation of reducing sugars in bone tissue.
he most widely studied AGE is pentosidine (PEN). This senes-
ent molecule is a pentose-derived fluorescent crosslink formed
etween lysine and arginine residues in collagen. The formation
nd accumulation of AGEs increases with aging and, particularly
n tissues characterized by a low turnover such as bone or car-
ilage, but this also can occur in patients with diabetes mellitus
4,5].

Since PYD, DPD and PEN are representative crosslinks having
ifferent characteristics, we found it beneficial to measure them

n connective tissues for elucidating their roles. PYD and DPD are
enerally determined separately by sensitive fluorescent detec-
ion on prefractionation with CF-1 cellulose using preponderantly
-butanol as washing buffer to remove interfering fluorophores
rior to high performance liquid chromatography (HPLC) using
reversed phase column [6]. Unfortunately this method was

ot suitable for PEN quantification [7,8]. Takahashi et al. [7]
ad previously reported a method to quantify PYD, DPD and
EN in tissue hydrolysates which required a SP-Sephadex C25
re-fractionation step (instead of CF-1 cellulose). However, this
ation exchange procedure presented a disadvantage due to a
equired concentration step before HPLC analysis. It has also
een reported that direct crosslinks measurement methods in
ydrolysate of tissues can be measured using reversed phase
PLC, however, the samples are contaminated which contributed

o decrease the life-time of the HPLC column [9]. Moreover, in
lmost all techniques described, to avoid any bad chromatogra-
hy (i.e. baseline shift and undesirable peak shape), it is necessary
o demineralize bone, which corresponds to a laborious step
efore the quantification of the crosslinks [8,9]. These meth-
ds are insufficient for routine analyses of bone tissues due
o long analysis times and the lack of accuracy for quantifica-
ion because no internal standard (INT STD) was used in almost
ll of the methods described [8]. Therefore, it is necessary to
evelop a quick and reproducible method for crosslinks measure-
ents.
The present paper describes the development and valida-

ion of a rapid HPLC method including a commercial INT
TD, which is suitable for the measurement of mature and
enescent crosslinks concentration in non-demineralized bone

ydrolysate. The developed method is based on the employ-
ent of a solid-phase extraction (SPE) procedure for the

one hydrolysate pre-treatment in order to remove interfering
uorochromes and to increase the life-time of the HPLC col-
mn.
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. Materials and methods

.1. Chemicals

HPLC-grade acetonitrile and acetic acid were purchased from
arlo Erba-SDS (Val de Reuil, France) and heptafluorobutyric acid
HFBA) was purchased from Apollo Scientific Ltd. (Stockport, UK).
8 � water was purified using Purelab UHQ (Veolia Water STI,
nthony, France). Hydroxyproline HPLC kits were purchased from
io-Rad (Hercules, CA, USA). Solid-phase extraction Chromabond®

rosslinks columns were supplied by Macherey-Nagel (Düren, Ger-
any), internal standard was obtained from Bio-Rad (Hercules, CA,
SA), PYD and DPD calibrator was purchased from Quidel Cor-
oration (San Diego, CA, USA). PEN standard were synthesized
s described previously [10] and calibrated against PEN standard
indly donated by Professor Takahashi.

.2. Chromatographic conditions to quantify collagen crosslinks

.2.1. Tissue sample preparation
In order to validate our new HPLC method, we compared the

rosslinks measurements in bone crude hydrolysate to the bone
ollagen hydrolysate (Fig. 1). To set up this method cortical calf
one was incubated with 0.2 M D-Ribose in PBS at 37 ◦C for 5 days

n order to induce the formation of PEN in vitro, as previously
escribed. Bone samples were powdered in liquid nitrogen-cooled
reezer mill (Spex Centriprep, Metuchen, USA) and defatted in

ethanol/chloroform, extensively washed with deionized water
nd finally lyophilized. One part of the bone powder was demineral-
zed according to the standard demineralization protocols. Briefly,
he bone powder is cleaned by saline solution (2 M NaCl, 50 mM
ris–HCl, 20 mM EDTA, pH 7.5) containing protease inhibitors (com-
lete protease inhibitor cocktail tablets from Roche Diagnostics,
asel, Switzerland and pepstatin 1 �g/mL from Sigma–Aldrich,
aint Quentin Fallavier, France) and then the bone powder was
emineralized. Three different demineralization processes were
ested in parallel: (i) 0.5 M EDTA in 0.05 M Tris buffer, pH 7.4, (ii) 4 M
uanidine–0.5 M EDTA in 0.05 M Tris buffer, pH 7.4 and (iii) formic
cid (1 M sodium citrate solution containing 45% formic acid). The
emineralization step continued for 48 h at 4 ◦C, with daily chang-

ng of the demineralization solution. These solutions contained the
ame protease cocktail inhibitors as previously described to avoid
ny protein degradation. Demineralized bone powders obtained
ere extensively washed with deionized water and freeze-dried. In
arallel, non-demineralized bone powders from each sample was
irectly hydrolyzed to measure collagen crosslinks (PYD, DPD and
EN).

.2.2. Acid hydrolysis of the samples and hydroxyproline
easurement

Non-demineralized and demineralized powdered bone samples
ere hydrolyzed in 6N hydrochloric acid at 110 ◦C for 20 h in sealed

lass tubes (10 mg of non-demineralized bone per ml or 1 mg of

emineralized bone per ml). Hydroxyproline content was mea-
ured with an HPLC assay developed by Bio-Rad (Hercules, CA,
SA) using an aliquot of sample hydrolysates. The amount was
alculated assuming 300 nmol of hydroxyproline in 1 mol of col-
agen.
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ig. 1. Schematic drawing of the set up of the HPLC system: after acidic hydrolysi
ere quantified in parallel after direct injection on the HPLC system or after treatm

he HPLC.

.3. Sample processing

.3.1. Sample pre-treatment
Bone hydrolysates were pre-fractioned on SPE Chromabond®

rosslinks to remove interfering fluorophores using a Vac Elut
0 Manifold apparatus (Varian, Inc., Palo Alto, CA, USA) and a
840FT.18 LABOPORT® pump (KNF Neuberger, Inc., Trenton, NJ,
SA). Briefly, in 5 ml glassed tube, 60 �l of INT STD were added

o 400 �l of hydrolysate samples and 2.8 ml of buffer composed of
cetonitrile and acetic acid in a 6:1 ratio (v/v), respectively. After
ixing, the solution was transferred to a SPE column previously

laced inside a vacuum box and equilibrated with 2.5 ml of wash
uffer prepared with acetonitrile, acid acetic and deionized water in
he respective proportions 8:1:1 (v/v/v). 2.5 ml of wash buffer were
sed for rinsing the 5 ml glass tube and applied to the SPE column.
olumns were extendedly washed with 4 × 2.5 ml of wash buffer
o remove interfering fluorophores and 200 �l of deionized water
ere applied on the column. Finally, the columns were drained

ompletely. Then crosslinks were eluted with 600 �l of 1% HFBA
irectly in 750 �l HPLC vials, mixed and then 60 �l were injected on
he HPLC system [11,12]. Concerning direct injection of hydrolyzed
one samples on a HPLC reversed phase column, 100 �l of bone
ydrolysates were concentrated using a Savant Speed Vacuum
oncentrator and reconstituted with 100 �l of 1% HFBA solution
ontaining 15 �l of INT STD. Then 40 �l of sample was injected onto
he HPLC system in order to have the same proportion of INT STD
nd bone hydrolysates pre-fractioned on SPE.

.3.2. HPLC conditions

PYD, DPD and PEN were separated by HPLC on an Alliance 2695

eparation module equipped of with a 2647 Multi � fluorescence
etector and Empower2 chromatography data software (Waters
orp. Milford, MA, USA). Crosslinks were separated on an Atlantis
C18, 3 �m, 4.6 mm × 100 mm reversed phase column protected by

t
c
P
o
c

gen crosslinks in demineralized bone hydrolysate and in crude bone hydrolysate
n the SPE column. A concentration step is necessary before the direct injection on

n Atlantis dC18, 3 �m, 4.6 mm × 20 mm guard cartridge (Waters
orp., Milford, MA, USA). The column flow rate was 1.2 ml/min and
he column temperature 40 ◦C. Briefly, molecules were separated
y using a gradient solution. Solvent A consisted 0.12% of HFBA in
8 � pure water, and solvent B was 50% of solvent A and 50% of
cetonitrile. The column was equilibrated with 14% solvent B prior
o use. The separation of PYD and DPD was performed during the
rst 12 min of an isocratic step at 14% of solvent B, INT STD and
EN eluted during the following 24 min of gradient from 14 to 31%
olvent B. PYD, DPD and the INT STD were monitored for fluores-
ence at an emission of 395 nm and an excitation of 297 nm and
hen wavelengths were shifted to 385 and 335 nm respectively for
etermination of PEN. Pyridinium crosslinks and PEN were quanti-
ed against calibrator and corrected by INT STD lost during all the
reparation procedure. After each analysis, the column was rapidly
ashed with 100% acetonitrile for 2 min and equilibrated with sol-

ent A [11,12]. The area of the peaks was used for the quantification
f separated materials.

.4. Validation procedures

.4.1. Extraction recovery
The extraction recovery of crosslinks on the SPE column was

nalyzed on non-demineralized bone hydrolysate pool under the
wo following conditions: (i) according to the procedure previ-
usly described in Section 2.3.1, 400 �l of bovine bone hydrolysate
as spiked with defined amounts of PYD, DPD and PEN calibra-

ors (337.5, 152.5 and 125 pmol/ml, respectively) and with 60 �l
f INT STD. This solution was pre-treated on the SPE column and

he molecules of interest were eluted with 600 �l 1% HFBA. Eluate,
ontaining 6 �l of INT STD, 13.5, 6.1 and 5 pmol of PYD, DPD and
EN respectively, was injected onto the HPLC column or (ii) 400 �l
f non-spiked bovine bone hydrolysate was pre-treated on the SPE
olumn. Defined amounts of PYD, DPD, IS and PEN calibrators in a
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Table 1
Effect of demineralization on crosslink amounts in bovine glycated bone. Cortical bovine bone was incubated with 0.2 M D-Ribose in PBS at 37 ◦C for 5 days in order to induce
in vitro formation of PEN. The measurements were made on five different specimens after a SPE procedure.

PYD (mmol/mol coll) DPD (mmol/mol coll) PEN (mmol/mol coll)

No treatment 133 (20) 15 (2) 131 (46)
Formic acid treatment (vs. no treatment) 146 (23) [6.2 (4.8)] 13 (2) [0.4 (0.8)] 118 (37) [−8.6 (5.7)]
EDTA treatment (vs. no treatment) 142 (23) [6.0 (2.5)] 16 (2) [6.5 (4.4)] 127 (43) [−3.0 (3.7)]
E )]
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DTA/Guanidine treatment (vs. no treatment) 141 (20) [6.0 (4.3

ote: Results of the demineralization procedure on crosslink amounts are expresse
etween demineralization treatments and crude bone hydrolysates were reported i

roportion similar to the one used for the first condition described
bove were directly added in 1% HFBA eluate. This preparation, con-
aining 6 �l of INT STD, 13.5, 6.1 and 5 pmol of PYD, DPD and PEN,
espectively, was injected onto the HPLC column. The two types of
xperiments were repeated 10 times. The recovery rates (RE %) were
alculated using the following equation: RE (%) = response (bovine
ool spiked with analytes before SPE treatment)/response (bovine
ool spiked with analytes after SPE treatment) × 100.

.4.2. Linearity and calibration curve
Calibration standards were prepared and analyzed in tripli-

ate. Calibration curves of each standard were analysed across an
mount range of 0–1 nmol for PYD, 0–0.5 nmol for DPD and PEN
nd a relative amount range of 0–100% for INT STD (as the INT STD
oncentration was not provided by BioRad, we considered that the
on-diluted commercial INT STD corresponds to 100%) to deter-
ine the fluorescence response linearity and then were fitted by

quare linear regression. To assess the linearity, deviations of the
ean calculated amounts should be within ±15%. Moreover, the

etection limit (signal-to-noise ratio = 4) was established.

.4.3. Reproducibility and precision
The reproducibility of the assay was assessed by repeated

easurements of two different glycated bovine bone hydrolysate
ample pools with low (pool A) and high (pool B) crosslink con-
entrations. Inter- and intra-assay precisions of the HPLC method
ere determined by assessing 10 replicates. Intra-assay precision
as calculated from 10 injection runs of the same pre-fractioned
one sample pools and the inter-assay precision was determined
y HPLC injections of 10 different pre-treated bone sample pools.
he coefficient of variation (CV) was used as a measure for intra-
nd inter-assay precisions. Precisions should not exceed 15% CV.

.5. Application

PYD, DPD and PEN were quantified in crude hydrolysate of cor-
ical and trabecular bone of human lumbar vertebrae, in trabecular
one of dog lumbar vertebrae, sheep iliac crest and in cortical dia-
hysis femur of bovine, rat and chicken to validate this new method.

. Results and discussion
.1. Sample pre-treatment

For sample pre-treatment we focused on non-labor methods to
ccelerate sample processing. First we compared the amounts of

p
t
m
i
i

ig. 2. Chromatograms obtained from glycated calf bone hydrolysates. Bones were incu
f a calibrator (A) the amount of calibrators PYD, DPD and PEN for panel A are 8.41, 3.64
resented on the left panel, and the chromatograms corresponding to SPE treatment on
he chromatograms C and G correspond to the demineralized bone with EDTA, the chro
he chromatograms E and I correspond to demineralized bone with formic acid. Note: Flu
hanged at 28 min to excitation at 335 nm and emission at 385 nm after elution of PYD, D
13 (2) [−13 (10)] 143 (55) [9.2 (7)]

ercentage of mean (standard deviation). The percentage change of bone crosslinks
are brackets in the table.

ollagen crosslinks (PYD, DPD and PEN) detected in non-extracted
one tissue hydrolysates with those demineralized with formic
cid, EDTA or by an EDTA/guanidine treatment. For this analysis,
ortical bovine bone was incubated with 0.2 M D-Ribose in PBS at
7 ◦C for 5 days in order to induce the formation of PEN in vitro. We
ound that the amounts in molecules of PYD, DPD and PEN were
imilar between non-extracted bone tissue and those demineral-
zed with EDTA suggesting that all these methods were suitable for
he measurement of collagen crosslinks (Table 1). Results obtained
ith Guanidine/EDTA and formic acid extraction showed poor

eproducibility for DPD quantification due to a slight contamination
Fig. 2).

Representative chromatograms of calibrator and glycated
ovine bone samples are shown in Fig. 2. With our HPLC method,
e analyzed the pattern of non-demineralized and demineralized

njected directly on the reverse phase HPLC column or after a SPE
re-treatment. It was observed that the patter noise is more impor-
ant and interferes with the peaks of interest when the sample is
njected directly onto the column (Fig. 2B–E). Moreover, the col-
mn performance decreased after about one hundred injections.
olumn degradation was evident by reduced sensitivity. This could
e explained by the relatively dirty hydrolysates that were injected
nto the column.

With the pre-treated procedure on column SPE Chromabond®

rosslinks, all the molecules were well separated, no contamina-
ion was observed in non-demineralized and in demineralized bone
xtracts (Fig. 2F, G, H and I). This simple sample clean-up proce-
ure was found to yield sufficiently clean hydrolysates to allow
roper quantification of collagen crosslinks and to allow a reason-
ble HPLC column life-time. The most important point concerning
he SPE treatment is the reproducibility of the retention time com-
ared to the direct injection method. Moreover, this novel approach
ecreases the time for quantification of the collagen crosslinks
ince it is not necessary to demineralize the bone and concentrate
amples before injection on the HPLC system such as described in
revious methods.

.2. Chromatography

Over the past few years, the previously described methods
equired complicated sample preparation procedures with multi-

le steps that could easily contribute to a source of error within
he method. This is why we developed a new method by which to

easure these crosslinks by a single reversed-phase HPLC includ-
ng an INT STD, after a quick and easy sample pre-treatment. This
s the first method which used a pre-packed SPE Chromabond®

bated for 5 days in 0.2 M ribose to induce the formation of AGEs. Chromatograms
and 2.8 pmol, respectively. Chromatograms corresponding to direct injection are

the right panel. The chromatograms B and F correspond to the crude bone extract,
matograms D and H correspond to demineralized bone with EDTA/guanidine and
orescence was monitored with excitation at 297 and emission at 395 nm and was
PD and INT STD.
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Table 2
Reproducibility of the measured crosslinks.

Concentration (�mol/L) (mean (SD)) Coefficient of variation (%)

PYD DPD PEN PYD DPD PEN

Intra-assay Pool A 0.73 (4) 0.13 (3) 0.20 (2) 0.6 2.5 0.9
Pool B 3.01 (13) 0.49 (4) 1.00 (10) 0.5 0.9 0.8

Inter-assay Pool A 0.73 (30) 0.13 (6) 0.20 (9) 5 5 4
Pool B 2.98 (66) 0.49 (10) 1.02 (15) 2.2 2.1 1.5

Note: The reproducibility of the assay was assessed by repeated measurements of two different glycated bovine bone hydrolysate sample pools with low (pool A) and high
(pool B) crosslink concentrations. All results were measured by ten consecutive measurements. Results are expressed as mean (standard deviation).

Table 3
Quantitative analysis of crosslinks in various bone tissues.

N Age (years) PYD (mmol/mol coll) DPD (mmol/mol coll) PEN (mmol/mol coll)

Human trabecular lumbar bone 30 80 ± 9 250 ± 67 104 ± 27 19 ± 8
Bovine cortical bone 5 10 368 ± 28 32 ± 2 1.8 ± 0.2
Rat cortical bone 10 3 months 142 ± 36 190 ± 61 <0.5
D 259
S 162
C 14.3
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og trabecular bone 10 3
heep trabecular bone 10 7
hicken cortical bone 10 Foetal

ote: N.D.: non-detectable.

rosslinks columns to avoid solid-phase variability packing den-
ity observed with home-made packed CF-1 cellulose columns. It
as also reported that acetyl-pyridinoline and pyridoxine could be
ossible INT STD candidates [8,13]. However, these two molecules
an present some disadvantages: acetyl-pyridinoline is destroyed
y acid hydrolysis and pyridoxine is not retained via our SPE pro-
edure (data not shown). Therefore, we tested the commercially
vailable INT STD (BioRad) which is resistant to acid hydrolysis and
etains well on the SPE column. This INT STD added before bone
ydrolysis allows accurate quantification of the loss of crosslinks
uring sample pre-treatment. Finally, in our method, the molecules
ere separated on the SPE column and then on the reverse-phase

olumn with a mobile phase containing acetonitrile instead of n-
utanol because this solvent is easier to remove from the partition
olumn and does not interfere with HPLC analysis. Therefore, the
nalytes that eluted from the SPE can be directly injected onto a C18
everse-phase column avoiding the laborious concentration step.
oreover, the gradient containing acetonitrile showed greater per-

ormance and a better separation of the molecules and also gave
pecific retention time data for each analyte. PYD, DPD, INT STD
nd PEN were eluted around 11, 13, 23 and 35 min respectively.

.3. Validation procedures

.3.1. Extraction recovery
The recovery rates calculated were 103 ± 3% for PYD, 100 ± 3%

or DPD, 94 ± 4% for INT STD and 93 ± 4% for PEN. Pyridinium
rosslinks were well recovered by using this new pre-treatment
rocedure. PEN is less retained than pyridinium crosslinks on SPE
hromabond® Crosslinks columns probably due to weaker affin-

ty for the SPE matrix. However, PEN is accurately corrected by the
NT STD (recovery tests) used in this procedure because these two

olecules behave in a very similar way on the SPE.

.3.2. Linearity and calibration curve
The calibration curve of PYD, DPD, IS and PEN were described

ith the equation y = 196,579x, y = 132,786x, y = 1,300,006x and

= 237,679x, respectively. The assay was linear over the validated
mount range of 0–1 nmol for PYD, 0–0.5 nmol for DPD and PEN
nd over the validated relative amount range of 0–100% for INT STD.
orrelation coefficients (r2) of the calibration curves were 0.9998,
.9998 and 0.9999 and 0.9999 for PYD, DPD, INT STD and PEN,

A

g

± 31 39 ± 7 3.7 ± 0.9
± 36 13 ± 3 4.6 ± 1
± 1.6 5.7 ± 09 N.D.

espectively. The detection limit was as low as 0.2, 0.2 and 0.02 pmol
or PYD, DPD and PEN respectively (data not shown).

.3.3. Reproducibility and precision
The intra- and inter-assay performance data are presented in

able 2. The intra-assay CVs were calculated from 10 consecutive
nalyses of the same pre-fractioned bone sample pools. The intra
Vs for PYD, DPD and PEN were as low as 3%, respectively. The

nter-assay CVs were calculated by HPLC injections of 10 differ-
nt pre-treated bone sample pools. The inter-assay CVs for PYD,
PD and PEN were as low as 5%, respectively. The intra- and inter-
ssays variability tests demonstrated good reproducibility for the
uantification of all of the collagen crosslinks.

.4. Application

The developed assay was successfully applied to quantify colla-
en crosslinks in crude or demineralized bone hydrolysates. PYD,
PD and PEN were quantified in trabecular bone of human lumbar
ertebrae, in trabecular bone of dog lumbar vertebrae and in corti-
al diaphysis femur of bovine and rat to validate this new method.
esults of the crosslink contents are summarized in Table 3. From
hese results it is concluded that with our method, the collagen
rosslinks contents estimated from crude bone hydrolysates are
imilar than those published after a demineralization step [14–20].

. Conclusion

We developed and validated a rapid, simple, sensitive and
pecific assay for the quantification of collagen crosslinks in non-
emineralized bone hydrolysates using HPLC. A simple clean-up
rocedure using SPE-treatment was found to yield sufficiently
lean hydrolysates to allow the quantification of the molecules.
he introduction of an INT STD in the procedure allowed to con-
rol and to improve the quantification of the crosslinks. This HPLC

ethod avoided any necessary laborious and complicated sample
re-treatment steps and complex analyses.
cknowledgment
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