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Introduction

Advanced glycation end products (AGEs) constitute a 
group of heterogeneous compounds formed by Maillard 
reaction (MR), a non-enzymatic reaction between reducing 
sugars and proteins, amino acids, or nucleic acids [1, 2]. 
At the beginning of MR, reducing sugars react with amino 
groups of proteins, forming Schiff bases, which are unsta-
ble N-substituted glycosylamine molecules. Subsequently, 
Schiff bases change to more stable Amadori products by 
isomerization reactions called Amadori rearrangements. 
Amadori products produce highly reactive dicarbonyl com-
pounds such as glyoxal (GO) [3], methylglyoxal (MGO) 
[4], and 3-deoxyglucosone (3-DG) [5] via dehydration 
and rearrangement reactions. The reactions between these 
dicarbonyl compounds and amino or guanidine groups of 
proteins result in the formation of stable and irreversible 
AGEs. AGEs can be formed in vivo and in vitro. Addition-
ally, diet is a significant source of exogenous AGEs [6]. 
Studies have reported that a typical diet provides 25–75 mg 
of AGEs [2] per day and approximately 10 % of ingested 
AGEs are absorbed [7]. Whether formed in vivo or obtained 
from the diet, AGEs have the same detrimental effects [6]. 
Many studies have suggested that AGEs play potential roles 
in the pathogenesis of diabetes [8–10], Alzheimer’s disease 
(AD) [11], atherosclerosis [12–14], renal diseases [9, 12], 
and aging [15, 16].

Nε-(carboxymethyl) lysine (CML) is an AGE formed 
in vivo and during food processing. CML is formed by the 
reaction between GO and the epsilon-amino group of lysine 
[17]. Nε-(carboxyethyl) lysine (CEL), which is formed by 
the reaction between MGO and lysine, is a homolog of CML 
[18]. CML and CEL can be used as markers of MR, oxida-
tive stress, and thermal damage in foods. When CML and 
CEL are formed through lipid peroxidation, they are called 
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advanced lipoxidation end products (ALEs) [19, 20]. The 
content of AGEs in foods is affected by the food matrix and 
food processing conditions. Foods rich in proteins and fats 
can contribute to more AGEs than foods rich in carbohy-
drates [21]. Cooking with dry heating (e.g., grilling, roast-
ing, and broiling) can produce more AGEs than cooking with 
moisture heating (e.g., boiling, poaching, and stewing) [6]. 
The content of CML in several foods has been determined 
[6, 21–23]; however, few studies have focused on CEL 
content in foods. In addition, the AGE content in several 
Eastern foods, such as frying sticks, has not been reported. 
Therefore, more information on the AGE content in foods is 
needed to improve the assessment of dietary intakes of AGE.

Several methods have been developed to determine AGE 
content in foods: fluorescence measurements [24, 25], 
enzyme-linked immunosorbent assay (ELISA) [6, 26, 27], 
high-performance liquid chromatography (HPLC) [28–30], 
liquid chromatography with tandem mass spectrometry 
detection (LC–MS/MS) [22, 23, 31–35], and gas chroma-
tography–mass spectrometry (GC–MS) [36, 37]. Fluores-
cence measurements are easy to manipulate; however, they 
can only detect AGEs with fluorescent properties (e.g., pen-
tosidine and crossline) and not AGEs without fluorescent 
properties (e.g., CML and CEL) [38]. Even though ELISA 
is rapid, the results are expressed in arbitrary units instead 
of actual concentrations. Furthermore, the specificity of the 
assay is affected by the food matrix. Additionally, ELISA 
requires the use of specific antibodies for each compound. 
Instrumental methods such as LC–MS/MS and GC–MS 
can provide more accurate results; however, they require 
more time compared to other methods and highly trained 
personnel. Nevertheless, LC–MS/MS has been used by sev-
eral researchers. Few studies have focused on the simulta-
neous determination of CML and CEL by LC–MS/MS in 
foods [32], especially in Eastern foods.

The objective of this study was to develop a stable iso-
tope dilution LC–MS/MS method for the simultaneous 
determination of CML and CEL in foods. CML and CEL 
contents in breads, biscuits, and fried dough sticks were 
determined by the validated method, which may contribute 
to the assessment of AGEs in Chinese foods.

Materials and methods

Chemicals

Nε-(carboxymethyl) lysine, CEL, Nε-(carboxymethyl) lysine-
d4 (CML-d4), and Nε-(carboxyethyl) lysine-d4 (CEL-d4) 
were purchased from Santa Cruz Co. (CA, USA). The purity 
of these standards was >98 % (CML), >98 % (CEL), >98 % 
(CML-d4), and >98 % (CEL-d4). HPLC grade methanol was 
purchased from Merk Co. (Darmstadt, Germany). Ultrapure 

water was obtained using a Superpure Water System (Shang-
hai, China). All other reagents were of analytical grade and 
purchased from Sinopharm Chemical Reagent Co. Ltd.

Food samples

Breads and biscuits were purchased from local supermar-
kets in Wuxi, Jiangsu Province, China. Breads from six dif-
ferent companies consisted of wholemeal breads and white 
breads; biscuits from eight different companies consisted 
of soda crackers, crisp biscuits, tough biscuits, and cook-
ies. Fried dough sticks were obtained from local markets in 
Wuxi and at cafeterias from Jiangnan University and Wuxi 
Institute of Technology.

Protein determination

Bread crust and bread crumbs were assessed separately. 
Protein content of bread crust, bread crumbs, biscuits, and 
fried dough sticks was determined by the Kjeldahl method 
using the conversion factor 6.25 for cereal foods [39].

Moisture determination

Moisture content of bread crust, bread crumbs, biscuits, 
and fried dough sticks was determined by the oven-drying 
method [40].

Sample preparation

Bread crust, bread crumbs, and fried dough sticks were first 
lyophilized; the weight change was recorded. The lyophi-
lized food samples were ground in a mill; the biscuits were 
ground without lyophilization. A quantity of ground food 
samples, equivalent to 5 mg of protein, were defatted twice 
using hexane (2 ml) before reduction with sodium borohy-
dride. The hexane extract was removed with a Pasteur pipet, 
and the residue was completely dried under a stream of nitro-
gen gas. Sodium borate (0.2 M, pH 9.2, 1 ml) was initially 
added to the defatted foods, and sodium borohydride (1 M in 
0.1 M NaOH) was added resulting in a final concentration of 
0.1 M sodium borohydride. The samples were incubated at 
4 °C for 0, 2, 4, 6, 8, and 10 h to obtain an optimal reduction 
time. To precipitate protein, trichloroacetic acid (TCA, 60 %, 
w/v) was added to the reduced food samples resulting in a 
final concentration of 20  % (w/v). The food samples were 
centrifuged at 10,000 rpm for 15 min. The resulting superna-
tants were removed with a Pasteur pipet, and the precipitates 
were used for acid hydrolysis. The precipitates were mixed 
with 5 ml of 6 M hydrochloric acid (HCl) and incubated at 
110 °C for 24 h. Following the 24-h incubation, the hydro-
lysates were filtered and diluted to 10  ml. Approximately 
400 μl of the diluted acid hydrolysate (equivalent to 200 μg 
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of protein) was dried under a stream of nitrogen gas at 60 °C 
using a pressured gas-blowing concentrator (Jintan, China). 
To the dried acid hydrolysates, 2 ml of 0.1 M HCl, 100 μl of 
0.4 μg/ml CML-d4, and 100 μl of 0.4 μg/ml CEL-d4 were 
added. The reconstituted acid hydrolysates were subjected to 
solid-phase extraction (SPE). In SPE, a STYRE-SCREEN 
SSDBX® (Sepax technology, USA) cartridge (200 mg, 3 ml) 
was first preconditioned with 3 ml of methanol and 3 ml of 
0.1 M HCl at a flow rate of 1 ml/min. The reconstituted acid 
hydrolysates were loaded into the preconditioned cartridge at 
a flow rate of 0.5 ml/min, and the cartridge was washed with 
3 ml of 0.1 M HCl and 3 ml of ultrapure water. Finally, the 
sample was eluted with 3 ml of 5 % ammonia/methanol (v/v) 
at a flow rate of 0.5 ml/min. The eluent was dried under a 
stream of nitrogen gas at 40 °C using a pressured gas-blow-
ing concentrator, redissolved in 200  μl of ultrapure water, 
filtered through a 0.22-μm membrane, and stored at −20 °C 
prior to LC–MS/MS.

LC–MS/MS analysis

The samples were analyzed using a Waters Acquity UPLC 
(Waters Corporation, MA, USA) coupled to an Acquity 
TQD mass spectrometer (Waters Corporation, MA, USA). 
Separations were performed in a Waters XSELECT™ HSS 
T3 column (4.6 ×  150  mm, 5 μm) equipped with a col-
umn oven at 35  °C. Solutions of 0.1 % (v/v) formic acid 
in water (solvent A) and 0.1 % (v/v) formic acid in metha-
nol (solvent B) were used as eluents. A linear gradient was 
performed: 0–0.5 min, 20 % B; 0.5–6.5 min, 20–100 % B; 
6.5–7.5 min, 100 % B; and 7.5–8 min, 100–20 % B. The 
flow rate was 0.5  ml/min, and the injection volume was 
2 μl. The detection was carried out by MS in an electro-
spray ionization (ESI) positive mode with multiple reac-
tion monitoring (MRM). MS had a source temperature of 
120 °C, desolvation temperature of 380 °C, capillary volt-
age of 3.5 kV, cone voltage of 30 V, cone gas flow rate of 
50  l/h, desolvation gas flow rate of 800  l/h, and collision 
gas flow rate of 0.13 ml/min. The optimized MRM condi-
tions are shown in Table 1.

The determination of CML and CEL was based on cali-
bration curves obtained by linear regressions of analyte/
internal standard peak area ratio against analyte concentra-
tion. Seven calibration points were prepared for each cali-
bration curve. Each sample was analyzed in triplicate; the 
results were expressed as mean ± standard deviation (SD). 
CML and CEL contents in samples were expressed as μg/g 
protein and μg/g sample. The method was validated by 
assessing selectivity, linearity, precision, and accuracy of 
the method. Limit of detection (LOD) and limit of quanti-
fication (LOQ) were defined as the concentration (ng/g) for 
which the signal-to-noise ratio of the quantifier was 3 and 
10, respectively.

Results and discussion

Optimization of sample preparation

The sample preparation consisted of lyophilization, grind-
ing, defatting, reduction, hydrolysis, and SPE. Due to their 
high moisture content, bread and fried dough sticks had to 
be freeze-dried prior to grinding. Biscuits could be easily 
ground without lyophilization. Ground samples can pro-
vide more accurate results.

Both CML and CEL can be formed by lipid peroxi-
dation; therefore, it is important to remove fat from the 
food samples. Otherwise, there may be an overestimation 
in the results. In this study, we compared the CML and 
CEL content in bread crusts with and without delipida-
tion. In defatted bread crusts, CML and CEL contents were 
73.67 ± 3.72 and 58.46 ± 3.25 μg/g of bread crust, respec-
tively. In non-defatted bread crusts, CML and CEL con-
tents were 86.16 ± 4.86 and 70.15 ± 4.18 μg/g of bread 
crust, respectively.

Prior to hydrolysis, a reduction step was performed to 
reduce Amadori products (e.g., fructoselysine) and lipid 
oxidation products, which may prevent the formation of 
CML and CEL during acid hydrolysis [22, 28]. In this 
study, we used 0.1  M sodium borohydride. The effect of 

Table 1   MS settings for multiple reaction monitoring

Compound Precursor ion (m/z) Product ion (m/z) Cone voltage (V) Collision energy (ev) Dwell time (ms) Neutral fragment loss

CML 205 130 25 15 36 NH2CH2CO2H

205 84 25 25 36 NH2CH2CO2H, H2CO2

CML-d4 209 134 26 20 36 NH2CH2CO2H

209 88 26 28 36 NH2CH2CO2H, H2CO2

CEL 219 130 28 15 36 NH2CH(CH3)CO2H

219 84 28 25 36 NH2CH(CH3)CO2H, H2CO2

CEL-d4 223 134 28 22 36 NH2CH(CH3)CO2H

223 88 28 32 36 NH2CH(CH3)CO2H, H2CO2
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reduction time on CML and CEL contents was assessed. 
As shown in Fig. 1, there were no significant differences in 
CML and CEL contents when the reduction time was 6 h. 
Therefore, the reduction conditions in this study involved 
the use of 0.1  M sodium borohydride with a reduction 
time of 6 h. Acid hydrolysis, which can lead to a complete 
release of CML and CEL from protein, was also performed 
in this study. Samples were subjected to SPE using a 
STYRE-SCREEN SSDBX® (Sepax technology, USA) car-
tridge (200 mg, 3 ml).

Optimization of chromatography conditions

Due to their high polarity, CML and CEL are difficult to 
retain in most reversed-phase columns. However, CML 
was successfully analyzed by a C18 column using an ion-
pairing reagent called nonafluoropentanoic acid (NFPA) 
[22, 23, 31, 32, 34, 41]. NFPA can contribute to increased 
retention times of CML and has no effect on the sen-
sitivity of CML. Nevertheless, NFPA may result in the 

deterioration of the reversed-phase column because it can 
lead to a mobile phase of low pH (~2) [33]. To avoid the 
formation of NFPA residues, the chromatographic column 
and mass detector must be thoroughly cleaned. Therefore, 
to avoid the use of NFPA, a LC–MS/MS method has been 
developed to assess CML and other AGEs using Hyper-
carb™ columns; the mobile phases consist of 26  mM 
ammonium formate (pH 3.8) and acetonitrile [35]. How-
ever, the method takes a very long period of time (35 min). 
Alternatively, a hydrophilic ion liquid chromatography 
(HILIC) column has been used to determine CML; the elu-
ents consist of 5 mmol/l ammonium acetate buffer (pH 4) 
and 0.025  % (v/v) formic acid in acetonitrile [33]. How-
ever, this method has certain disadvantages including long 
chromatographic runs (29  min). In this study, a LC–MS/
MS method was developed to simultaneously determine 
CML and CEL using a Waters XSELECT™ HSS T3 col-
umn, which is able to retain polar compound such as CML 
and CEL. The eluents consisted of 0.1 % (v/v) formic acid 
in water and 0.1 % (v/v) formic acid in methanol; the total 
run time was only 13 min. Mass chromatograms of stand-
ard solutions and bread crust are shown in Figs.  2 and 3, 
respectively. The retention time of CML and CEL in bread 
crust was consistent with that in the standard solution, and 
there was no peak interference for CML or CEL in the 
sample. The column used was very stable and robust, with 
no obvious shifts in retention times.

Validation of the method

The developed method was validated by assessing CML 
and CEL content in bread crusts. Mass conditions were 
optimized, and the results for MRM are shown in Table 1. 
Both CML and CEL had two product ions. One product 
ion was at m/z 84, and the other was at m/z 130; the most 
intense product ion was at m/z 84. The product ion at m/z 
84 was used for quantification, and the product ion at m/z 
130 was used for confirmation. The corresponding m/z 88 
and m/z 134 product ions of the internal standards (CML-
d4 and CEL-d4) were used for quantification and confir-
mation, respectively. As shown in Table 2, the correlation 
coefficients (R2) were >0.99. The linear range (20–2,500  
ng/ml) was wide enough to assess CML and CEL content 
in cereal foods. LOQ of CML and CEL was 4.0 and 3.0  
ng/ml, respectively (Table 2).

The recoveries of exogenous CML and CEL added 
to bread crusts were determined at three concentrations 
(Table 2). The low, middle, and high exogenous concentra-
tions for both CML and CEL were 30, 300, and 1,000 ng/
ml, respectively. The recovery experiments were con-
ducted five times for each concentration. The recoveries 
for CML and CEL were 88.76–93.21 and 87.64–95.15 %, 
respectively.

Fig. 1   Influence of reduction time on CML and CEL content. a 
Influence of reduction time on CML content. b Influence of reduction 
time on CEL content
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Fig. 2   Typical mass chromato-
grams of standard solutions

Fig. 3   Typical mass chromato-
grams of bread crust

Table 2   Calibration, sensitivity, 
and recovery in LC–MS/MS

Compound Calibration Sensitivity Recovery (%)

Range (ng/ml) R2 LOD (ng/g) LOQ (ng/g) 30 (ng/ml) 300 (ng/ml) 1,000 (ng/ml)

CML 20–2,500 0.9992 1.3 4.0 93.21 88.76 91.75

CEL 20–2,500 0.9991 1.0 3.0 95.15 91.35 87.64
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Precision was expressed as relative standard deviation 
(RSD). For intra-day precision (i.e., repeatability), each 
sample was analyzed three times a day; for inter-day preci-
sion (i.e., reproducibility), each sample was analyzed once 
a day for five consecutive days. RSD of intra-day precision 
for CML and CEL was 6.84 and 5.68 %, respectively. RSD 
of inter-day precision for CML and CEL was 8.62 and 
9.36 %, respectively.

Matrix effects were assessed by recovery analyses. In 
CML and CEL, there were no differences in recoveries 
whether the standards were added to bread crust extracts 
or aqueous solutions. Stable isotope-labeled CML-d4 and 
CEL-d4 can decrease matrix effects.

CML and CEL content in cereal foods

The CML content in foods has been determined by instru-
mental methods [22, 23, 37, 41]; however, there are few 
reports on the CEL content in foods [32, 42]. In this study, 
CML and CEL content in three types of cereal foods was 
determined by the validated LC–MS/MS method. Bread 
crust and bread crumb were analyzed separately. As shown 
in Tables 3 and 4, CML and CEL contents in bread crust 
were much higher than those in bread crumbs. This may 
be attributed to a low moisture content and high processing 
temperatures in bread crust [22]. In our study, the content 
of CML in bread crust (58.12–94.29 μg/g) was higher than 
that of bread crusts reported by Assar et al. [22] (36.1 μg/g 
of white bread crust and 46.1  μg/g of wholemeal bread 
crust), which may be attributed to differences in sam-
ple preparation and bread ingredients. In this study, CEL 

content in bread crusts was 22.65–71.49 μg/g. To the best 
of our knowledge, no study has reported CEL content in 
bread.

As shown in Table  5, the highest content of CML and 
CEL was present in biscuits (117.53 and 46.09 μg/g of bis-
cuits, respectively). The lowest content of CML and CEL 
was also present in biscuits (50.73 and 12.16 μg/g of bis-
cuits, respectively). The CML and CEL content differences 
may be due to differences in biscuit ingredients and pro-
cessing temperatures.

Fried dough sticks constitute a traditional Chi-
nese food. The CML and CEL contents in fried dough 
sticks were simultaneously determined for the first time 
(Table 6). The highest content of CML and CEL in fried 
dough sticks was approximately three times the lowest 
content of CML and CEL. Differences in the ingredients, 
frying temperatures, and processing times may result in 
the differences in CML and CEL contents in fried dough 
sticks.

Conclusion

We developed a stable isotope dilution LC–MS/MS method 
for the simultaneous determination of CML and CEL con-
tent in cereal foods. The developed method was highly sen-
sitive and rapid (total run time of 13  min). The recovery, 
precision, and linearity data were satisfactory. The method 
was successfully applied to determine CML and CEL con-
tent in three types of cereal foods consumed in China. The 
CML and CEL content in fried dough sticks was assessed 

Table 3   CML and CEL content 
in bread crust determined by 
LC–MS/MS

a  Bread crust 1, 2, and 3 are 
from wholemeal bread; bread 
crust 4, 5, and 6 are from white 
bread
b  Data are expressed as 
mean ± SD (n = 3)

Bread crusta CML (μg/g protein) CML (μg/g bread 
crust)

CEL (μg/g protein) CEL (μg/g bread 
crust)

1 1,098.92 ± 57.80b 84.58 ± 4.45 820.44 ± 43.98 63.15 ± 3.38

2 667.24 ± 64.06 74.97 ± 7.20 532.99 ± 50.42 59.89 ± 5.67

3 946.86 ± 43.74 94.29 ± 4.36 717.85 ± 47.52 71.49 ± 4.73

4 813.67 ± 62.16 81.71 ± 6.24 225.56 ± 19.62 22.65 ± 1.97

5 595.04 ± 49.45 58.12 ± 4.83 478.29 ± 35.15 46.71 ± 3.43

6 802.60 ± 71.19 61.77 ± 5.48 656.34 ± 37.28 50.52 ± 2.87

Table 4   CML and CEL content 
in bread crumbs determined by 
LC–MS/MS

Bread crust 1, 2, and 3 are from 
wholemeal bread; bread crust 4, 
5, and 6 are from white bread

Bread crumb CML (μg/g protein) CML (μg/g bread 
crumb)

CEL (μg/g protein) CEL (μg/g bread 
crumb)

1 295.57 ± 19.01 24.73 ± 1.59 57.20 ± 4.48 4.79 ± 0.38

2 213.43 ± 12.29 14.29 ± 0.82 48.44 ± 6.22 3.25 ± 0.42

3 422.40 ± 48.58 27.45 ± 3.16 53.75 ± 5.84 3.49 ± 0.38

4 357.45 ± 29.42 34.97 ± 2.88 40.95 ± 3.23 4.01 ± 0.32

5 234.26 ± 18.55 18.79 ± 1.49 22.67 ± 1.82 1.82 ± 0.15

6 204.51 ± 13.35 16.51 ± 1.08 30.04 ± 3.26 2.43 ± 0.26
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for the first time. The results of this study can be used to 
inform consumers about AGE intakes.
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