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[Abstract] In this protocol we describe the separation of collagen crosslinks in biological tissues and 

samples including skin, tendon, cartilage, bone and urine. The existing methods use either cation 

exchange chromatography followed by post-column derivatization with ninhydrin or reverse phase 

chromatography with mass spectrometry detection. The cation exchange chromatography method has 

limited sensitivity and long run times while reverse phase chromatography requires strong ion-pairing. 

In this method, the sample containing crosslinks is applied on a diamond hydride column using water 

and acetonitrile solvents containing 0.1% (w/v) formic acid. Eight crosslinks are eluted separately from 

the column and detected by mass spectrometry in the sub-pmol range. By using this method, it is 

possible to separate all crosslinks of collagen in several biological samples without the need for ion-

pairing agent or derivatization for detection. 
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[Background] Collagen is the major structural protein and a major component of skin, bone, cartilage, 

tendon and dentin in teeth. Collagen structure is stabilized by several crosslinks which are found in small 

amounts in collagen where they are present in different types and varying ratios, depending on the tissue 

type. Alteration in crosslink types and amount results in several diseases such as bone fragility and skin 

hyperelasticity (Pinnell et al., 1972 and Arseni et al., 2018).   

  The development of a sensitive quantitative method using Liquid Chromatography-Mass 

Spectrometry (LC-MS) is essential for measuring the collagen crosslinks in healthy and diseased tissues. 

The existing methods for the quantitation of collagen crosslinks including cation exchange 

chromatography and reverse phase column require sodium buffers and strong ion pairing agents 

respectively (Avery et al., 2009 and Gineyts et al., 2010). These requirements make them unsuitable for 

subsequent analysis using Electrospray Ionization Mass Spectrometry (ESI-MS) where high buffer 

concentrations and ion pairing agents are known to suppress the mass spectrometry signal resulting in 

significant loss of sensitivity. Also Histidinohydroxylysinonorleucine (HHL) and 

Histidinohydroxymerodesmosine (HHMD) crosslinks have not previously been detected by mass 

spectrometry.   

  We developed a quantitative method for collagen crosslinks on silica hydride column that does not 

require buffer or ion-pairing agent which allows the use of mass spectrometry (LC-MS) for detection with 

high sensitivity. Additionally, this method separates and quantitates eight crosslinks in collagenous 
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tissue quicker (total run time less than 10 min) than those of all previously reported methods. This 

method allows the detection of collagen crosslinks in a complex mixture using MS without the need for 

buffers or ion-pairing agents. 

 

Materials and Reagents 
 

1. Pipette tips  

a. 1-10 μl (Thermo Fisher, FinntipTM, catalog number: FNP4641040N) 

b. 10-100 μl (Thermo Fisher, FinntipTM, catalog number: FNP4641070N) 

c. 100-1,000 μl (Thermo Fisher, FinntipTM, catalog number: FNP4641100N) 

2. Desmosine (DES) (Sigma-Aldrich, catalog number: D9439) 

3. Dihydroxylysinonorleucine (DHLNL) (Santa Cruz Biotechnology, catalog number: sc-207059) 

4. Lysinonorleucine (LNL) (TRC-Canada, catalog number: L488750) 

5. Pyridinoline (PYR) (BOC Science, catalog number: 77464-35-8) 

6. Deoxypyridinoline (DPYR) (BOC Science, catalog number: 83462-55-9) 

7. Hydroxylysinonorleucine (HLNL) (purified in our laboratory, see Naffa et al., 2019a) 

8. Histidinohydroxylysinonorleucine (HHL) (purified in our laboratory, see Naffa et al., 2019a) 

9. Histidinohydroxymerodesmosine (HHMD) (purified in our laboratory, see Naffa et al., 2019a) 

10. Mass spectrometry grade water (Fisher Chemicals, catalog number: FSBW5-4) 

11. Mass spectrometry grade acetonitrile (Fisher Chemicals, catalog number: FSBA955-4) 

12. Mass spectrometry grade formic acid (Fisher Chemicals, catalog number: FSBA117-50) 

13. Acetic acid (UNIVAR, catalog number: UN2789) 
14. Solvent A (see Recipes) 

15. Solvent B (see Recipes) 

 
Equipment 
 

1. Autosampler amber vials (32 mm x 11.6 mm) (Thermo Fisher, catalog number: THC11090519)  

2. Vortex (Fisher Scientific, catalog number: FB15012) 

3. Automated finnpipettes (Thermo Fisher, catalog number: FNP4700850N) 

4. Thermo Fisher UHPLC with a Q-Exactive Orbitrap Mass Spectrometer equipped with a heated 

electrospray ionization (HESI) (Thermo Fisher, CA, USA) 

Note: Table 1 shows all the specifications of the instrumentation in Equipment 4. 
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Table 1. Specifications of the Q-Exactive mass spectrometer UHPLC 
Device Type Model and Serial Number Firmware Version 

Thermo Fisher LPG-3400RS 

Pump 
LPG-3400RS: 8117801 3.43 FPGA: 00.42 

Thermo Fisher WPS-3000 

Splitl_oopRS Sampler 
WPS-3000: 8117337 4.13.00 

Thermo Fisher TCC-3000 TCC-3000: 06010328 1.32 

Thermo Fisher Q Exactive Focus 
Exactive Series slot #185: 

901B0E5E1ABE 
2.9 Build 290033 

 

5. Cogent Diamond Hydride HPLC column 150 mm x 2.1 mm; particle size, 2.2 µm; pore size 100 

Å (Microsolv Technology, catalog number: 70200-15P-2) 

 
Software 
 

1. Thermo Xcalibur 4.1.31.9 June 8, 2017 for qualitative analysis and quantitation analysis (Thermo 

Fisher, CA, USA) 

 
Procedure 
 

1. Prepare the crosslink standards by serial dilution as shown in Table 2. Use water containing 0.1% 

formic acid as diluent and measure all volumes in μl and transfer them into amber autosampler 

vials.  
Notes: 
a. Different volumes can be used but you must use the same dilution factor.  

b. The prepared crosslink standard can be stored at -20 °C for up to one year, however, always 

make one new standard to check the concentration of the frozen ones.  

c. PYR and DPYR may degrade over time and their concentrations change by exposure to 

light, therefore always use amber autosampler vials and store them in the dark. 

 
Table 2. Standard concentrations in µM of crosslinks diluted by water containing 0.1% 
formic acid 
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*Volume measured in μl. 

**D.F. is dilution factor.  

 

2. Set the temperature of the autosampler at 6 °C then place the vials in the autosampler. 

3. Use the following separation procedure on diamond hydride column: 

a. Flow rate of 0.3 ml/min. 

Note: Higher flow rates can be also used (0.4-0.6 ml/min) which will elute the crosslinks 

faster, however this may affect the resolution. 

b. Column temperature 25 °C.  

4. Use the following parameter for the mass spectrometry:  

a. Positive ion mode. 

b. Mass scans (100-700 m/z).  

c. Spray voltage 3,300 V.  

d. The capillary 320 °C. 

e. The probe heater temperatures 350 °C. 

f. Nitrogen gas set at flow rate of 10 L/min. 

5. Set the injection volume at 1.0 μl.  

Note: Injected volume can be adjusted up to 10.0 μl depending on the crosslink concentration 

in the sample.  

6. Solvent A is water and solvent B is 80% acetonitrile in water both containing 0.1% (v/v) formic 

acid (see Recipes). 

7. Use gradient elution program as below: 

a. Time: 0.00, %A 20% and %B 80%. 

b. Time 10.00, %A 60% and %B 40%. 

c. Time 15.00, %A 90% and %B 10%. 

d. Time 20.00, %A 20% and %B 80%. 

8. Use post run time of 10 min. 

Note: You must ensure that binary pump pressure reaches initial conditions, and this may differ 

depending on the void volume of the UHPLC instrument, usually 10 min will be enough. 

9. The typical separation chromatography of the standard is shown in Figure 1 and separation 

chromatography of the standard in Figure 2.   

10. You must inject a blank (water only) after every 10-20 injections, depending on the samples. 

Also you must wash the column every 100-150 samples with 50% methanol in water containing 

0.1% formic acid with flow rate of 0.2 ml/min.  
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Figure 1. Extracted Ion Chromatogram (EIC) of LNL, HLNL, DHLNL, HHL, PYR, DPYR, 
DES and HHMD standards. Insets show the extracted mass range of each crosslink. 
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Figure 2. Extracted Ion Chromatogram (EIC) of LNL, HLNL, DHLNL, HHL, PYR, DPYR, 
DES and HHMD in skin hydrolysates (for the preparation of biological sample hydrolysates 

see Naffa et al., 2016 and Avery et al., 2009 for more details). Insets show the extracted mass 

range of each crosslink. 

 
Data analysis 
 

1. Open the raw mass spectrometry file on Thermo Xcalibur 4.1.31.9 for qualitative analysis. 

2. Extract the below monoisotopic masses and observe a ± 0.01 m/z. 

a. LNL (276.19 m/z). 

b. HLNL (292.19 m/z). 

c. DHLNL (308.19 m/z). 

d. HHL (445.24 m/z). 

e. PYR (429.20 m/z). 

f. DPYR (413.20 m/z).  

g. HHMD (574.33 m/z). 

h. DES (526.29 m/z). 

Notes: 

i. There might be small differences in the masses based on the calibration of the mass 

spectrometry. Always calibrate the mass spectrometry to prevent mass drift (Ask the 
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instrument technician to help you as it requires a specific procedure).  

ii. You can start with a wide mass window (i.e., 292.1000-292.3000 m/z) then refine the 

window based on the mass measured.  

iii. You can extract the mass of the doubly charged ions for DES and HHMD instead of their 

singly charged ion mass which will have larger intensity. (Mass of the doubly charged ions 

is calculated by adding 2.0 to the mass of DES or HHMD then divided by 2, i.e., for HHMD 

the doubly charged mass is [573.33 + 2.0]/2 = 287.66 m/z). 

3. Use the peak areas and retention times crosslink quantification (Thermo Xcalibur 4.1.31.9 June 

8, 2017 for quantitation analysis using the Genesis algorithm with automated determinations 

performed on the sample injected). 

Note: For analysis of biological samples, identification of crosslinks is performed based on their 

mass and retention time. This must be always matched with crosslink standard run alongside. 

Slight variations in the retention times of the crosslinks are expected depending on the sample 

types, number of runs, washing protocols and age of column.  

 
Recipes 
 

1. Solvent A 
To make solvent A, measure 1,000 ml of mass spectrometry grade water then add 1.0 ml  

(1,000 μl) of formic acid 
2. Solvent B 

To make solvent B, mix 800 ml of mass spectrometry grade acetonitrile and 200 ml water then 

add 1.0 ml (1,000 μl) of formic acid 
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