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Abstract

Desmosine (Des) and Isodesmosine (Isodes), cross-linking amino acids in the biomolecule elastin, 

may be used as biomarkers for various pathological conditions associated with elastin degradation. 

The current study presents a novel approach to quantify Des and Isodes using Matrix-Assisted 

Laser Desorption Ionization (MALDI)-tandem mass spectrometry (MS2) in a linear ion trap 

coupled to a vacuum MALDI source. MALDI-MS2 analysis of Des and Isodes are performed 

using stable-isotope labeled desmosine d4 (Labeled-Des) as an internal standard in different 

biological fluids, such as urine and serum. The method demonstrated linearity over two orders of 

magnitude with a detection limit of 0.02 ng/μL in both urine and serum without enrichment prior 

to mass spectrometry, and relative standard deviation of <5%. The method is used to evaluate the 

time-dependent degradation of Des upon UV radiation (254nm) and found to be consistent with 

quantification by 1H NMR. This is the first characterized MALDI-MS2 method for quantification 

of Des and Isodes and illustrates the potential of MALDI-ion trap MS2 for effective quantification 

of biomolecules. The reported method represents improvement over current liquid 
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chromatography-based methods with respect to analysis time and solvent consumption, while 

maintaining similar analytical characteristics.

GRAPHICAL ABSTRACT
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Introduction

The pyridinium-based amino acids, desmosine (Des) and its structural isomer isodesmosine 

(Isodes) stemming from the condensation of four lysine amino acid residues (Fig. 1), serve 

as cross-links between tropoelastin monomers, forming the complex polymer known as 

elastin [1, 2]. The elastin protein contributes to the structural foundation of lung, skin, and 

blood vessels and provides elasticity so that tissues can maintain their shape and normal 

physiological functions. In the progression of chronic obstructive pulmonary disease 

(COPD) [3, 4], along with other prevalent diseases such as aortic aneurysms [5, 6], 

atherosclerosis [7–9], skin lesions [10, 11], and cystic fibrosis [12, 13] protein degradation 

occurs whereby the Des/Isodes that bind elastin polymers are released in sputum, plasma 

and/or urine.

Studies have shown a correlation between the amounts of Des/Isodes detected in human 

body fluids with the degree of elastin degradation [14–16] and therefore, Des/Isodes have 

been considered as potential biomarkers to determine the extent of tissue damage and elastin 

breakdown. This is due to Des and Isodes being uniquely associated with mature elastin, not 

being metabolized after being released from tissue [17] and being independent from the diet 

[18]. A wide range of analytical techniques have been applied to detect Des/Isodes, which 

include enzyme-linked immunosorbent assays [19, 20], amino acid analysis [21], 

radioimmunoassay [22, 23], electrokinetic chromatography [24], electrophoresis [25–26], 

nuclear magnetic resonance, NMR [27, 28], high performance liquid chromatography, 

HPLC [13, 29–31], liquid chromatography- mass spectrometry, LC-MS and LC-tandem 

mass spectrometry, LC-MS/MS [3, 4, 32–34]. Among these methodologies, reported results 

show that LC-MS/MS gives the greatest selectivity and sensitivity for Des samples where 

Des detection limits on the order of 10−9 M have been obtained [21, 35]. One of the most 

recent techniques incorporating LC-MS to determine Des/Isodes amounts involve the use of 

deuterated Des as an internal standard [3, 4, 35, 36]. Ma et al. results, incorporating the 
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quadruply deuterated (d4)-labeled-desmosine as an internal standard, demonstrated the 

concentrations of total Des + Isodes and free Des + Isodes in plasma were 0.51 and 0.09 

ng/mL, respectively [35]. Another study conducted by Albarbarawi et al. to investigate total 

Des/Isodes content was performed on COPD urine samples utilized d5-Des internal 

standard. The data showed COPD patients on average (20.4 ng Des/mg creatinine) had three 

times the total amount of Des/Isodes than healthy patients (6.8 ng Des/mg creatinine) [3].

However, the analysis of Des/Isodes with LC-MS presents challenges such as relatively long 

chromatography runs as well as the labor-intensive process to prepare samples. One 

potential analytical technique to improve the Des/Isodes analysis times while maintaining 

sensitivity is to use Matrix-Assisted Laser Desorption/Ionization-Mass Spectrometry 

(MALDI-MS). MALDI has the benefit of rapid analysis times without the requirement for 

chromatographic separation.

In the present report, we have developed a MALDI-MS2 based quantification method to 

study Des samples mixed in serum or urine. The approach involves synthetic stable-isotope 

labeled d4-Desmosine (Labeled-Des) as an internal standard to quantify Des and Isodes by 

selectively monitoring an ion that arises from the removal of one of the side chains [M- 

CH2CH2CH2CH2CH(NH2)COOH]+, (130 Da). In the linear ion trap mass spectrometer, this 

transition yields a specific and sensitive method for the detection and quantification of Des 

and Isodes. In this study, the efficacy of the methodology is determined by evaluating 

linearity, detection limit, and run-to-run reproducibility of Des, Isodes, and 50:50 Des/Isodes 

mixtures in water, as well as in backgrounds of serum and urine. Furthermore, we have 

quantified time-dependent degradation of Des upon UV radiation using MALDI-MS2 and 

discuss the results in comparison to 1H NMR.

Materials and Methods

Chemicals

Des and Isodes standards were obtained from Elastin Products (Owensville, MO, USA). 

Labeled-Des was obtained from Toronto Research Chemicals (North York, ON, CANADA). 

α-cyano-4-hydroxycinnamic acid (CHCA) and deuterium oxide (D2O) were purchased from 

Sigma-Aldrich (St. Louis, MO, USA). Trifloroacetic acid was purchased from Thermo 

Scientific (Rockford, IL, USA). HPLC grade acetonitrile, water and new born calf serum 

were purchased from Fisher Scientific (Pittsburg, PA, USA). Human urine was obtained 

from healthy donors and sterile-filtered before use.

Mass Spectrometry

Samples were analyzed using Thermo LTQ XL linear ion trap mass spectrometer equipped 

with a vacuum MALDI source utilizing a nitrogen laser (337 nm) firing at 60 Hz (Thermo 

Scientific, Waltham, MA, USA). A saturated solution of CHCA was prepared as previously 

described [37] and was used as a matrix solution. MALDI-MS2 experiments were performed 

in positive ion mode using a 3.0 μJ laser energy. Mass spectra of samples were typically 

obtained using 400–600 scans (3–5 minutes) and processed with Xcalibur (2.0.7 SP1) 

software. The current study involves the use of Labeled-Des for quantification of Des and 
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Isodes. To study the relative abundance of Des or Isodes in samples, the ratio of the 

generated fragment ion, m/z 397 (Des or Isodes) to m/z 400+401 (Labeled-Des) was 

utilized. The precursor ion (m/z 528), with isolation width of 6 Da, was chosen to perform 

MS2 experiment of Des or Isodes standard (m/z 526.2) mixed with Labeled-Des standard 

(m/z 530.2). Fragmentation of precursor ion was conducted with normalized collision 

energy 36, activation Q 0.25 and activation time 30 ms.

UV-irradiation of desmosine

The sample, prepared by dissolving Des in D2O solvent, was subjected to UV radiation 

using 12 low pressure mercury lamps of 254 nm in a Rayonet Photoreactor. UV-irradiated 

Des sample was analyzed using mass spectrometry (MALDI-MS2) and 1H NMR at different 

time intervals (0, 5, 15, 30, and 60 min). The enclosed system was used during UV-

irradiation to ensure that Des sample was solely exposed to the specific wavelength of UV 

light.

Proton NMR

Liquid state 1H NMR spectra were recorded using Bruker DPX 400MHz FT NMR with 

automatic sampler. NMR spectra were acquired by accumulating 160 scans and chemical 

shifts (δ) were reported in parts per million (ppm). The peak at 8.44 ppm was observed in 

non-irradiated as well as UV-irradiated Des sample, was integrated in reference to the 

aliphatic region (1.00–5.25 ppm). The relative concentrations of Des were calculated from 

integration values of a peak at 8.44 ppm for different time intervals and used to determine 

the rate constant of UV-induced degradation of Des.

Sample preparation for detection limit study in urine and serum

To assess the detection limit of Des, an initial concentration of Des was prepared using urine 

and serum, using sterilized human urine from healthy donors and commercially prepared 

newborn calf serum without further dilution or purification. Successive dilutions of Des 

samples were prepared using HPLC-grade water. 1 μL of analyte solution was mixed 

directly with 9 μL of CHCA matrix solution without prior enrichment. For mass 

spectrometric analysis 1 μL of this mixture was deposited onto a stainless-steel plate using 

dried droplet method.

Results and discussion

The amounts of Des/Isodes have been shown to be elevated in many pathological disorders 

associated with elastin degradation [3, 4, 35]. Consequently, there is a need for a simple, 

reliable and sensitive method to quantify low levels of Des and Isodes. The present study 

introduces a MALDI-ion trap MS2 based quantification method for detection of Des and 

Isodes. Labeled-Des is employed as an internal standard for quantification of Des and 

Isodes. The single-stage MS analysis is inefficient to measure quantitative changes in the 

samples, due to the presence of intense matrix interference peak (m/z 379) which results in 

poor signal-to-noise ratio of the precursor ion of Des (m/z 526.2) and Labeled-Des (m/z 
530.2) (see Electronic Supplementary Material (ESM) Fig. S1). Consequently, quantification 

is performed using the stable fragment ion (m/z 397) generated by removal of one of the side 
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chains from Des molecule [M- CH2CH2CH2CH2CH(NH2)COOH]+, 130 Da, in tandem-MS 

mode. Linearity, dynamic range, detection limit, and reproducibility of the MALDI-MS2 

method in water and different bodily fluids are presented in this report. To demonstrate the 

application of MALDI-MS2 method, quantification of Des degradation upon UV radiation 

(254 nm) at different time intervals is studied using both the MALDI-MS2 method and 1H 

NMR spectroscopy.

MALDI-MS2 analysis of Des, Isodes and Labeled-Des

Mass spectrometry is an analytical technique that separates ions based on their mass-to-

charge (m/z) ratio. MALDI-mass spectrometry utilizes a small organic molecule (CHCA) as 

a matrix to assist in the energy transfer and ionization process of the analyte. Due to high 

background resulting from ions produced from matrix molecule itself, the precursor ions 

generated from Des samples were difficult to detect in single-stage MS. Therefore, MS2 

spectra of the two structural isomers were then evaluated. The results showed both structural 

isomers indeed produce similar fragment ions. However, substantial differences in intensity 

of the fragment ions were observed. MS2 spectra of both structural isomers and Labeled-Des 

that used as an internal standard to quantify Des, Isodes and equimolar mixture of Des + 

Isodes are shown in Fig. 2a.

Since Labeled-Des was employed as an internal standard, it was important to evaluate its 

isotopic purity. To do this, the isotope distribution pattern of one of the most abundant 

fragment ions generated from Labeled-Des was evaluated. The selected fragment ion, m/z 
401, was generated from loss of one of the side chains, [M-

CH2CH2CH2CH2CH(NH2)COOH]+, of Labeled-Des molecule (Fig. 2b). The result of 

isotopic distribution pattern showed two major isotope peaks, m/z 400 and 401, representing 

greater than 75 percentage of total peak area of the fragment ion. Hence, to compensate for 

isotopic impurity, instead of incorporating peak area of any single isotope peak, we decided 

to incorporate the peak area of two most abundant isotope ions (m/z 401 and 400) of 

Labeled-Des in this investigation. To quantify Des/Isodes, ratio of peak area of fragment 

ions generated from Des/Isodes (m/z 397) to Labeled-Des (m/z 400+401) is determined. 

Linearity, detection limit, and reproducibility have been evaluated to assess the applicability, 

sensitivity and efficacy of the presented MALDI-MS2 quantification method.

Linearity and dynamic range

To evaluate the linearity of the MS response, 11 different concentrations of Des ranging 

from 125 ng/μL to 3.125 ng/μL were mixed in a 1:1 (v/v) ratio with 25 ng/μL of Labeled-

Des. Two sets of each of these mixtures were analyzed in quadruplicate. The linear curve 

was obtained by plotting the average peak area ratio of Des/Labeled-Des vs. concentration 

of Des. Linear response of Des using Labeled-Des (R2= 0.998) over two orders of 

magnitude was obtained as shown in Fig. 3a. Relative standard deviation (RSD) obtained 

using MALDI-MS2 method was from 0.17% to 4.7% for the entire dilution range (data are 

shown in ESM Table S1).

A response curve for Isodes was generated for similar concentration ranges as of Des. Linear 

response (R2= 0.998) was also obtained from response curve of Isodes (Fig. 3b). Each of 
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these dilutions was analyzed in quadruplicate. Moreover, because in vivo, Des and Isodes 

occur in equimolar amounts [38], we mimicked this condition by investigating equimolar 

concentration ratios of Des and Isodes. These were studied over a concentration range of 

125 ng/μL to 3.125 ng/μL mixed with 25 ng/μL of Labeled-Des. A linear response with R2 

value of 0.998 was obtained for equimolar ratio of Des and Isodes as shown in Fig. 3c.We 

note that quantitatively reproducible differences in MS2 fragment intensities could in 

principle be used to independently quantify Des and Isodes; however prior studies indicate 

that using the combined concentration of Des and Isodes give a better assessment of elastin 

breakdown [3].

Furthermore, the linearity of Des response in biological fluids was assessed. Both urine and 

serum were spiked (as described in sample preparation) using concentration ranges from 

43.75 ng/μL to 6.25 ng/μL of Des mixed with 25 ng/μL of Labeled-Des standard. The linear 

curves with R2 values of 0.998 (Fig. 3d) and 0.997 (Fig. 3e) were obtained in serum and 

urine respectively. Results derived from these linearity assays using MALDI-MS2 

quantification methods are consistent for Des, Isodes and their equimolar mixtures in water 

as well as in spiked biological fluids.

Limits of Detection and Quantification

To determine the detection limit of MALDI-MS2 quantification method, six successive five-

fold dilutions of Des spiked into in serum and urine. We were able to detect a peak 

corresponding to Des at concentrations down to 0.0040 ng/μL. The limit of quantification 

was calculated as 10σ/s, where σ is the standard error of the estimate, and s is the slope of 

the calibration line, using the dilutions from 0.50 down to 0.0040 ng/ μL (ESM Table S2), 

and determined to be 0.022 and 0.011 for urine and serum, respectively. This result was 

consistent with the result obtained when evaluating the accuracy of the Des concentration as 

determined by the MALDI-MS2 method as a function of concentration (Table 1). In the 

concentration range down to 0.020 ng/ μL, percent error was observed from −7.0% to 4.4%, 

well within the range deemed acceptable by the US Food and Drug Administration (±20%)

[39]. These two independent measures indicate an LOQ for the MALDI-MS2 method on the 

order of 0.02 ng/μL in complex biological matrices without prior enrichment. Conventional 

solid-phase extraction methods, which are typically applied in LC-MS/MS analysis would 

be expected to add 1 to 2 orders of magnitude improvement in sensitivity due to 

concentration of sample.

Reproducibility

To evaluate the reproducibility of the present method, we conducted triplicate studies 

performed by different lab personnel. Response curves for Des in water were generated 

following a similar approach as described in the linearity and dynamic range sections, over 

the time span of two weeks. The run-to-run RSD values for entire concentration range were 

less than 5% (Fig. 4) demonstrating the reliability of the current MALDI-MS2 method (data 

are shown in ESM Table S3). During the two weeks test period, Des, Isodes, and Labeled-

Des underwent more than three freeze/thaw cycles. Thus, these results also demonstrate the 

stability of Des, Isodes and Labeled-Des standards.
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UV-irradiation of Des

Detrimental effects of UV radiation on skin such as loss of elasticity, premature aging and 

wrinkled appearance have been discussed in previous reports [28, 40, 41] may occur as a 

result of reduction in Des cross-linking of elastin. Moreover, the results of photolysis study 

performed by Baurain et al. showed maximum breakdown of Des and Isodes at 274 nm and 

285 nm respectively [41]. We therefore, utilize the current MALDI-MS2 method to evaluate 

UV-induced breakdown of Des.

To study the effect of UV radiation on Des degradation, samples were aliquoted and 

analyzed at different time intervals using MALDI-MS2 (Fig. 5a). Additionally, to validate 

the change in concentration observed using our method, we have also quantified Des using 
1H NMR spectroscopy, and compared the results of the two methodologies. The results of 

MS2 analysis distinctly demonstrate decrease in relative abundance of Des fragment ion 

(m/z 397) with time. The peak area of 25 ng/μL Labeled-Des fragment ions (m/z 400+401) 

was used as a reference to determine the concentration of Des standard at zero-time point. In 

the NMR study, a peak in the aromatic region (8.44ppm) observed in the non-irradiated 

control spectrum, as well as the spectra of all time points, was used to track the UV-induced 

breakdown Des (ESM Fig. S2). The concentration of Des obtained from MALDI-MS2 and 
1H NMR analysis at different time points are shown in Fig. 5b. The results from both 

analyses indicate that Des concentration reduces to roughly half after 5 min of UV radiation. 

Furthermore, a similar pattern of decrease in concentration of Des with different time 

intervals was observed from 1H NMR and MALDI-MS2 method. The first-order rate 

constants estimated using MALDI-MS2 method and 1H NMR spectroscopy are 0.110 

± 0.021 min−1 and 0.124 ± 0.008 min−1 respectively.

Comparison to existing methods

The current state of the art in detection of desmosines utilizes LC-MS/MS methods either 

with or without stable isotope-labeled standards [35, 43,44]. The approach presented here 

shows similar performance characteristics, such as precision, accuracy and sensitivity, while 

leveraging the strengths unique to MALDI. For example, current LC-MS run times range 

from 12 minutes [43] and longer and require column equilibration between runs. We 

typically take a conservative approach and interrogate our MALDI spots for 3–5 minutes, 

but even with 1 minute scans, we are able to maintain accuracy and reproducibility (ESM 

Table S4). Additionally MALDI requires no equilibration between samples; the time to 

move between MALDI spots is about 5 seconds. In addition, the MALDI approach reduces 

the expense and environmental impact of solvent usage by multiple orders of magnitude. 

Each MALDI spot requires 10 microliters or less of solvent to prepare.

The MALDI approach also has the benefit that spectra do not need to be extracted from an 

LC run, and detection and quantification of peaks can be fully automated via software. 

Additionally, our MALDI approach consumes only a small fraction of each spot, and 

therefore unlike destructive LC-MS approaches, our samples can be re-analyzed for Des or 

for other purposes. The tolerance of MALDI towards moderate amounts of contaminants 

allows fewer cleanup steps. For example, no purification is required before the analysis of 

urine or serum; we have used similar MALDI approaches to quantify desmosines directly 
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from hydrolysates of elastin without purification [27,28]. Therefore we believe that our 

MALDI approach represents a robust, novel methodology that can complement existing LC-

MS techniques.

Conclusions

Although the application of LC-MS/MS methods for determination of Des/Isodes in various 

body fluids has met a certain amount of success, there is still a need for a simpler, more 

rapid, reliable and sensitive quantification method. A MALDI-MS based method offers these 

traits, including excellent sensitivity and shorter analysis time due to the elimination of 

chromatographic separation, while maintaining similar analytical characteristics. Here, for 

the first time, we fully characterize a MALDI-MS2 method for the quantification of Des/

Isodes directly from bodily fluids. We have evaluated concentration ranges from >100 ng/μL 

down to 0.02 ng/μL without prior concentration steps like solid-phase extraction and found 

the MALDI-MS2 to perform similarly to existing LC-MS/MS methods with the increase in 

speed and reduction in per-run expense associated with chromatography-free MALDI 

ionization. These results demonstrate that MALDI-linear ion trap tandem MS is suitable for 

quantifying biomolecules. The case study performed on the quantification of Des breakdown 

by irradiation of UV light using MALDI-MS2 explicitly demonstrates consistency between 

results derived from 1H NMR spectra and the current quantification method. We therefore 

believe MALDI-MS2 has potential to be applied in a clinical lab setting to diagnose 

conditions which induce elastin degradation
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Fig. 1. 
Structure of desmosine (Des), stable-isotope labeled desmosine-d4 (Labeled-Des) and 

isodesmosine (Isodes)
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Fig. 2. 
MALDI-MS2 analysis of Des, Isodes and Labeled-Des- (a) MS2 spectra of Des, Labeled-

Des and Isodes are shown in a top, middle and bottom panel respectively. The highlighted 

fragment ions resulted from loss of a side chain of Des and Isodes (m/z 397) and Labeled-

Des (m/z 401) were used for the quantification of Des/Isodes. (b) Isotope distribution of the 

fragment ion (m/z 401) of Labeled-Des and the fragment ion (m/z 397) of Des/Isodes are 

shown in blue and orange respectively. The result shows two major isotope peaks, m/z 400 

and 401, represent greater than 75 percentage of total peak area of the fragment ion (m/z 
401)
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Fig. 3. 
Linearity of Des, Isodes and equimolar concentration ratio of Des- Isodes were evaluated 

using MALDI-MS2 quantification method. Linearity of MS response over the dynamic 

range from 125 ng/μL to 3.125 ng/μL are shown for- Des (a), Isodes (b), and equimolar 

concentration ratio of Des: Isodes (c). Linearity of Des was also assessed in biological 

fluids- serum (d), and urine (e) over the dynamic range from 43.75 ng/μL to 6.25 ng/μL. 

Various concentrations of Des were mixed with 25 ng/μL of Labeled-Des.
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Fig. 4. 
Assessment of reproducibility of MALDI-MS2 method- Reproducibility of the present 

method was determined by evaluating the response curve of Des in HPLC water in triplicate 

by different lab personnel. Various concentrations of Des were mixed with 25 ng/μL of 

LabeledDes. The run-to-run %RSD values for entire concentration range were < 5
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Fig. 5. 
UV-induced degradation of Des- Degradation of Des was studied by irradiating the sample 

to UV light at 254 nm for different time intervals (0, 5, 15, 30 and 60 minutes). (a) 

Represents the MS2 spectra of UV-irradiated Des mixed with 25 ng/μL of Labeled-Des. The 

fragment ion generated from Des (decrease with time) and Labeled-Des are highlighted in 

orange and blue box respectively. (b) Represents the UV-induced breakdown by measuring 

concentration of Des at different time intervals using MALDI-MS2 and NMR spectroscopy
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Table 1

Detection and quantification limit of MALDI-MS2 method- Successive 5-fold dilutions of 12.5 ng/μL Des 

mixed with 25 ng/μL of Labeled-Des in serum and urine were evaluated to assess the detection and 

quantification limit of MALDI-MS2 method.

Serum Urine

Desmosine
(ng/μL)

Observed (ng/ μL) % error Observed (ng/ μL) % error

12.5 12.50 ± 0.32 0.0 12.50 ± 0.10 0.0

2.50 2.46 ± 0.04 −1.5 2.46 ± 0.02 −1.4

0.50 0.500 ± 0.015 0.0 0.478 ± 0.007 −4.4

0.10 0.104 ± 0.004 4.0 0.094 ± 0.001 −6.0

0.020 0.0206 ± 0.0003 3.0 0.0186 ± 0.0009 −7.0

0.0040 0.0045 ± 0.0004 12.5 0.0048 ± 0.0002 20
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