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Development of quantitation 
method for glycated 
aminophospholipids at the 
molecular species level in powdered 
milk and powdered buttermilk
Ai Kodate1, Yurika Otoki1, Naoki Shimizu1, Junya Ito1, Shunji Kato1, Naoki Umetsu1,  
Teruo Miyazawa2,3 & Kiyotaka Nakagawa1

The Maillard reaction is a nonenzymatic glycation reaction between a reducing sugar and a free amino 
group, known to naturally occur during heat processing of food. In this study, we especially focused 
on phosphatidylethanolamine (PE)-linked Amadori products (Amadori-PE) in powdered milk, since 
the analysis of these products at the molecular species level has not yet been evaluated. Analysis of 
Amadori-PE was conducted by using liquid chromatography-tandem mass spectrometry in three 
different modes. The main Amadori-PE species in a powdered milk sample were first identified as 34:1, 
36:1, 36:2 and 36:3 in the total ion current mode. Additionally, by using the characteristic product ions 
observed in the presence of sodium, we quantified the main Amadori-PE species in the multiple reaction 
monitoring mode, and evaluated their total concentrations in the precursor ion scan (PIS) mode for 
the first time. Powdered milk contained much Amadori-PE with concentrations ranging from 4.3 to 
8239 mg/100 g, quantified by the PIS mode. The newly developed methods represent powerful tools 
for detailed analysis of glycated lipids including Amadori-PE in powdered milk, which may further be 
applied to research relating to infant food and nutrition.

The Maillard reaction is a nonenzymatic glycation reaction between a reducing sugar and a free amino group, 
known to naturally occur during heat processing of food, producing the various colours and flavours of processed 
food. The Maillard reaction is typically considered as the glycation of the free amino group in amino acids or 
proteins, but it has become known that the free amino groups of aminophospholipids are also targets for the 
glycation, which expanded the concept of the Maillard reaction1–4. For example, a reaction between phosphati-
dylethanolamine (PE) and sugar yields PE-linked Amadori products (Amadori-PE; Fig. 1) via an unstable Schiff 
base as its intermediate5–10. Amadori-PE glycated with glucose (Glc-PE) and with lactose (Lac-PE) are found 
in various processed foods, especially powdered milk (powdered bovine milk) contains a significant amount of 
Amadori-PE with concentrations ranging from 3.2 to 11.2 mg/100 g, corresponding to about 30% of total PE11,12. 
This is presumably produced from the monosaccharides and PE in the ingredients of powdered milk being heated 
during the manufacturing process. Relatively large amounts of glycated PE is considered to affect the nutritional 
value and physical properties of powdered milk.

The non-glycated (native) PE in powdered milk exists as several molecular species including 1-palmitoyl-2- 
oleoyl-sn-glycero-3-phosphoethanolamine (34:1 PE), 1-stearoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine 
(36:1 PE), 1-stearoyl-2-linoleoyl-sn-glycero-3-phosphoethanolamine (36:2 PE), 1,2-dioleoyl-sn-glycero-3-p
hosphoethanolamine (36:2 PE) and 1-oleoyl-2-linoleoyl-sn-glycero-3-phosphoethanolamine (36:3 PE) as a com-
ponent of the milk fat globule membrane12. As these species are considered to be beneficial sources of fatty acids 
(e.g. linoleic acid) that act as a lipid mediator in immunological protection13,14, investigating the molecular species 
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of PE is essential. Considering that Amadori-PE is readily formed in powdered milk, it is necessary to identify the 
species and amounts of PE glycated with glucose or with lactose. However, the analysis of Amadori-PE (Glc-PE 
and Lac-PE) in powdered milk at the molecular species level has not yet been evaluated.

In the present study, we analysed Glc-PE and Lac-PE molecular species in powdered milk by using liquid 
chromatography-tandem mass spectrometry (LC-MS/MS) in three different modes. With the use of the total 
ion current (TIC) mode, the main Glc-PE and Lac-PE species in powdered milk were identified. To developing 
the specific quantification method, characteristic product ions of each Glc-PE and Lac-PE species were found by 
MS/MS analysis in the presence of sodium ion. By using the characteristic product ions, we successfully achieved 
to quantify the main Glc-PE and Lac-PE species in the multiple reaction monitoring (MRM) mode. Then we 
attempted to estimate the total Glc-PE and Lac-PE concentration in the precursor ion scan (PIS) mode.

Methods
Materials. 1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (34:1 PE), 1-stearoyl-2-oleoyl-sn-glyce-
ro-3-phosphoethanolamine (36:1 PE) and 1-stearoyl-2-linoleoyl-sn-glycero-3-phosphoethanolamine (36:2 PE) 
were purchased from Avanti Polar Lipids (Alabaster, AL, USA). D-Glucose was obtained from Wako (Osaka, 
Japan). β-Lactose was obtained from Sigma-Aldrich (St Louis, MO, USA). All organic solvents were HPLC grade 
(Wako, Osaka, Japan) and other regent purities were more than 99.5%.

Phospholipid extraction from powdered milk. A powdered milk sample derived from buttermilk (milk 
phospholipid concentrate, MPLC) was kindly provided from MEGMILK SNOW BRAND (Tokyo, Japan). MPLC 
was produced by following procedures: The raw buttermilk sterilized at 100–140 °C for a few seconds was con-
centrated by evaporation under heat, reduced pressure, and spray drying. The resultant powdered buttermilk was 
dissolved in water, and proteins were removed from the liquid under low pH. The powdered buttermilk was then 
concentrated and powderized by using ultrafiltration and freeze drying, respectively.

For LC-MS/MS analysis in the TIC mode, the total lipid of MPLC was extracted by Folch’s method15. In brief, 
5 g of MPLC was mixed with 9 mL of 0.9% NaCl (w/v) aqueous solution (containing 1 mM ethylenediamine-
tetraacetic acid). Then the solution was further mixed with 36 mL of chloroform: methanol (2:1, v/v) containing 
0.002% butylated hydroxytoluene, and subjected to centrifugation at 1,000 × g for 20 min at 4 °C. The resultant 
chloroform layer (under organic layer) was collected and the remaining aqueous layer (methanol-water layer) was 
mixed with Folch’s theoretical under phase. The under chloroform layers were combined, evaporated and dried 
under nitrogen gas. The dried extract was reconstituted in 2 mL of chloroform:isopropanol (2:1, v/v), and 2 mL 
of this mixture was subsequently loaded onto a silica Sep-Pak cartridge (10 g, Waters, Tokyo, Japan) equilibrated 
with chloroform:isopropanol (2:1, v/v). The phospholipid fraction including Amadori PE was eluted with 10 mL 
of methanol. The solvent was evaporated under nitrogen gas, and then reconstituted in 100 mL of methanol. The 
resultant phospholipid fraction was diluted 1,000-fold and 1 µL was analysed with LC-MS/MS in the TIC mode.

For LC-MS/MS analysis in the MRM and PIS modes, MPLC and other powdered milk samples (sample A, B 
and C) purchased from a local supermarket in Sendai, Japan were extracted by methanol precipitate16, as follows. 
Eighty microliters of powdered milk dissolved in water (20 mg/mL) was mixed with 20 µL of 25 µM aqueous eth-
ylenediaminetetraacetic acid and 500 µL of methanol containing 0.002% butylated hydroxytoluene. The mixture 
was centrifuged at 1000 × g for 5 min at 4 °C, and the resultant supernatant was collected. Five hundred microlit-
ers of methanol was added to the precipitate, which was then mixed and centrifuged at 1000 × g for 15 min at 4 °C. 
The supernatants were collected and combined. Five hundred microliters of the sample solution was subjected to a 
silica Sep-Pak cartridge (100 mg, Waters, Tokyo, Japan) in order to remove polar impurities. Subsequently, 1.5 mL 
of methanol: water (9:1, v/v) was loaded to elute Amadori-PE. Under the optimized LC-MS/MS conditions, 10 μL 
of the powdered milk extract was injected into the LC-MS/MS system in the MRM or PIS mode.

Extraction method validation. The recovery rates, accuracy and precision were evaluated for extrac-
tion method validation. MPLC and sample A spiked or non-spiked Lac-PE standards (440 pmol of Lac-PE, 36:1 
Lac-PE and 36:2 Lac-PE) were extracted by methanol precipitation mentioned above. Lac-PE, 36:1 Lac-PE and 

Figure 1. Scheme for the glycation of PE. Reacting glucose or lactose with the amino group of PE yields the 
stable PE-linked Amadori product (Amadori-PE) via an unstable Schiff base. Glc-PE, Amadori product derived 
from glucose and PE; Lac-PE, Amadori product derived from lactose and PE.
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36:2 Lac-PE were quantitated by LC-MS/MS operated in MRM and the concentrations were calculated based 
on each external standard curve. Recovery rates were determined by comparing concentration obtained from 
MPLC or sample A spiked standard solution with each blank. Accuracy was expressed as the percentage different 
between expected and observed concentration. Precision was provided by the coefficient of variation from blank 
sample concentration. The acceptance criterion for accuracy and precision was 25%. Measurements were carried 
out in 3 replicate.

TIC analysis of Amadori-PE species in powdered milk. A Shimadzu liquid chromatography sys-
tem consisting of a vacuum degasser, a quaternary pump, and an auto sampler (Shimadzu, Kyoto, Japan) was 
equipped with a 4000 QTRAP mass spectrometer (SCIEX, Tokyo, Japan). Glc-PE and Lac-PE were analysed 
by using a silica column (Inertsil SIL-100A, 3 µm, 2.1 × 100 mm, GL Science, Tokyo, Japan) with a binary gra-
dient consisting of solvent A (chloroform-methanol-28% ammonia solution 80:19.5:0.5 (v/v/v)) and solvent B 
(chloroform-methanol-water-28% ammonia solution 60:34:5.5:0.5 (v/v/v/v)). The gradient profile was as follows: 
0–20 min, 0–100% B linear; 20–30 min, 100% B; 30–40 min, 0% B. The flow rate was 0.2 mL/min, and the column 
temperature was maintained at 40 °C. Positive electrospray ionization (ESI) was used with the following experi-
mental parameters: curtain gas, 20 psi; ion spray voltage, 5500 V; temperature, 500 °C; ion source gas 1, 60 psi; ion 
source gas 2, 70 psi; declustering potential, 120 V; entrance potential, 10 V. Positive ion spectra were collected in 
the m/z range of 700–1100.

MS/MS fragmentation analysis of Amadori-PE standards. Based on the aforementioned TIC study 
results, Glc-PE and Lac-PE standards were synthesised by reacting commercially available native PE (34:1, 36:1 
and 36:2) with either glucose or lactose, as previously described15.

To evaluate MS/MS fragmentation patterns, the synthesised Glc-PE and Lac-PE standards (1 nmol) were each 
dissolved in 1 mL of methanol containing either 5 mM ammonium acetate or 0.1 mM sodium acetate, and directly 
infused (2.5 µL/min) into a quadrupole-time-of-flight mass spectrometer (micrOTOF-QII, Bruker Daltonics, 
MA, USA) under positive ESI. The parameters were as follows: capillary, 6000 V; collision energy, 10.0 eV; N2 
nebulizer gas pressure, 1.6 bar; N2 dry gas flow rate, 8.0 L/min; N2 dry gas temperature, 180 °C. The collision cell 
parameters were as follows: collision RF, 1400 Vpp; transfer time, 120 µs; pre-pulse storage; 15 µs. Positive ion 
spectra were collected in the m/z range of 200–1200.

MRM analysis of main Amadori-PE species. To quantify Glc-PE and Lac-PE at the molecular species 
level, LC-MS/MS analysis in the MRM mode was conducted with a 4000 QTRAP mass spectrometer. An ODS 
column (Atlantis T3, 2.1 × 100 mm; Waters, Tokyo, Japan) was used with a binary gradient consisting of solvent A 
(water containing 0.1 mM sodium acetate) and solvent B (methanol containing 0.1 mM sodium acetate). The gra-
dient profile was as follows: 0–5 min, 65% B; 5–25 min, 65–100% B linear; 25–40 min, 100% B; 40–40.1 min, 100–
65% B linear; 40.1–45 min, 65% B. The flow rate was as follows; 0–5.0 min, 0.25 mL/min; 5.1–40.0 min, 0.2 mL/min;  
40.1–45 min, 0.25 mL/min, and the column temperature was maintained at 40 °C. MS/MS parameters of Glc-PE 
and Lac-PE were optimized with their standards under ESI with the following experimental parameters: curtain 
gas, 20 psi; collision gas, 8 psi; ion spray voltage, 5500 V; temperature, 500 °C; ion source gas 1, 70 psi; ion source 
gas 2, 80 psi. Other parameters and MRM pairs are described in Table 1. The concentrations of 34:1 Glc-PE, 36:1 
Glc-PE, 36:2 Glc-PE, 34:1 Lac-PE, 36:1 Lac-PE and 36:2 Lac-PE in powdered milk were calculated from their 
respective standard curves. To evaluate recovery rates, analysis was performed on MPLC phospholipid fractions, 
which were either non-spiked or spiked with 50 pmol of 6 Amadori-PE standards before extraction. Recovery 
rates were determined by comparing the concentration of Amadori-PE in non-spiked MPLC with MPLC spiked 
with Amadori-PE standards. The matrix factor was determined by comparing the response of Amadori-PE in the 
presence of the matrix (e.g. MPLC phospholipids) with that in the absence of the matrix17. Additionally, native PE 
was analysed in the MRM mode as previously described18. For MRM and PIS calibration curves, 0.5–10 pmol and 
1–20 pmol of each standard was analyzed by triplicate, respectively.

PIS analysis of total Amadori-PE. To evaluate total amounts of Glc-PE and Lac-PE, LC-MS/MS anal-
ysis in the PIS mode was conducted. ESI MS/MS parameters of Glc-PE and Lac-PE were optimized with their 
standards under the following parameters: curtain gas, 20 psi; collision gas, 4 psi; ion spray voltage, 5500 V; 

Mode Amadori-PE Species
Precursor ion 
(m/z)

Product ion 
(m/z) 

DP  
(V)

EP 
(V)

CE 
(V)

CXP 
(V) 

MRM

Glc-PE

34:1 902.6 326.1 120 10 45 18

36:1 930.6 326.1 102 10 53 18

36:2 928.6 326.1 102 10 53 18

Lac-PE

34:1 1064.6 488.1 125 10 56 30

36:1 1092.7 488.1 115 10 57 28

36:2 1090.6 488.1 115 10 57 28

PIS
Glc-PE 326.1 90–156 10 45 18

Lac-PE 488.1 115–166 10 56 28

Table 1. Optimal MS/MS parameters for the detection of Glc-PE and Lac-PE in the MRM and PIS modes.
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temperature, 500 °C; ion source gas 1, 15 psi; ion source gas 2, 30 psi. Positive ion spectra were collected in the m/z 
range of 1000–1200. Other analytical conditions and fixed ions of PIS are described in Table 1.

Results and Discussion
TIC analysis of Amadori-PE species in powdered milk. As MPLC is produced from buttermilk pow-
der, lipids including PE are rich. Hence, we assumed that it contained large amounts of Amadori-PE species, and 
would be an effective powdered milk sample for the identification of Glc-PE and Lac-PE species. To simultane-
ously evaluate Amadori-PE and phospholipid classes in MPLC, the prepared phospholipid fraction was analysed 
with normal phase in the TIC mode19,20. As shown in Fig. 2A, 5 main peaks were detected, and the identity of 
each peak was determined from the mass spectrum as follows: PE (a), Glc-PE (b), phosphatidylserine (PS) (c), 
phosphatidylcholine (PC) and Lac-PE (d) and sphingomyelin (SM) (e) (Fig. 2B). As expected, TIC analysis con-
firmed that MPLC contained large amounts of Amadori-PE, especially Lac-PE. The main phospholipid species 
were PE, PC, SM and PS in MPLC as comparable with previous reports21,22. Although PS is another phospholipid 
that contains an amino group that could react with reducing sugars, glycated PS was not detected in MPLC as 
previously reported11, possibly due to the low content of PS. Glycation end products such as carboxymethyl-PE, 
N-carboxyacyl-PE and carboxyethylphosphatidyl-PE were also not observed in the Q1 mass spectrum. Thus, it 
was suggested that the main glycation product in powdered milk is Amadori-PE, as previously reported9,23,24.

Based on the mass spectrum of Glc-PE (Fig. 2B), the main molecular species of Glc-PE present in MPLC 
were identified as 34:1, 36:1, 36:2 and 36:3; the sn-1/sn-2 fatty acids components were predicted to be 16:0 (pal-
mitoyl)/18:1 (oleoyl), 18:0 (stearoyl)/18:1, 18:0/18:2 (linoleoyl) or 18:1/18:1, 18:1/18:2, respectively. The main 
molecular species of Lac-PE were the same as that of Glc-PE (Fig. 2B). To the best of our knowledge, this is the 
first study identifying the molecular species of Amadori-PE in powdered milk. The fact that the main Glc-PE and 
Lac-PE species were similar with the main native PE species in MPLC indicates that the glycation of PE depends 
on the abundance of the native PE species and that glycation occurs during the manufacturing process.

In terms of the mass spectra, Glc-PE and Lac-PE in MPLC were detected in the form of both [M + H]+ 
and [M + Na]+ (Fig. 2B). The formation of [M + Na]+ may be attributed to the presence of sodium in MPLC 
and/or analytical instruments, and suggest that Amadori-PE easily forms sodium adducts. The abundance ratio 
of [M + H]+ and [M + Na]+ fluctuated even within the same analysis, thus we presumed that analysis using 
[M + H]+ may cause unstable quantification.

MS/MS analysis of Amadori-PE standards. Based on the results from TIC studies (Fig. 2), we selected 
3 Glc-PE species (34:1, 36:1, 36:2) and 3 Lac-PE species (34:1, 36:1, 36:2) as targets of quantification, and each 
standard was synthesised from commercially available native PE. In establishing quantification methods with 
LC-MS/MS, identification of characteristic product ions is important to provide high selectivity. We have pre-
viously found that characteristic product ions were generated under the presence of sodium in other phospho-
lipids25,26, and thereby to explore useful product ions for the quantification of Amadori-PE, the synthesised 6 
standards (34:1 Glc-PE, 36:1 Glc-PE, 36:2 Glc-PE, 34:1 Lac-PE, 36:1 Lac-PE and 36:2 Lac-PE) were analysed in 
the presence or absence of sodium.

In the absence of sodium, collision-induced dissociation (CID) of [M + H]+ produced each of the following 
product ions: 34:1 Glc-PE (m/z 577.519) and Lac-PE (m/z 577.517), 36:1 Glc-PE (m/z 605.547) and Lac-PE (m/z 
605.547) and 36:2 Glc-PE (m/z 603.534) and Lac-PE (m/z 603.532) (Fig. 3). These product ions were derived 
from the neutral loss of the glycated polar head, and contained sn-1 and sn-2 fatty acids of each Amadori-PE as 
previously reported27. However, these product ions were also generated from native PE corresponding to the loss 
of a phosphate group, and therefore were less specific to Amadori-PE.

Conversely, in the presence of sodium, CID of [M + Na]+ showed each of the following product ions: 34:1 
Glc-PE [M + Na]+ yielded m/z 577.509 as in [M + H]+, though, m/z 326.063, 308.120 and 290.047 were character-
istically detected in the presence of sodium (Fig. 4). According to each mass spectrum and predicted fragmenta-
tion pattern, m/z 326.063 was assumed as [H3PO4CH2CH2NHC6H10O5Na]+ (exact mass: 326.0617). Additionally, 
m/z 308.120 and 290.047 corresponded to a neutral loss of either one or two molecules of H2O from m/z 326.063. 
These fragmentation patterns were observed from 36:1 Glc-PE and 36:2 Glc-PE [M + Na]+ as well. Similarly, 34:1 
Lac-PE [M + Na]+ predominantly yielded m/z 488.110, corresponding to [H3PO4CH2CH2NHC12H20O10Na]+ 
(exact mass 488.1145) (Fig. 4). The dehydration product of m/z 488.110, m/z 470.100, was also detected. To the 
best of our knowledge, [H3PO4CH2CH2NHC6H10O5Na]+ and [H3PO4CH2CH2NHC12H20O10Na]+ were detected 
for the first time. The product ions were derived from the neutral loss of sn-1 and sn-2 fatty acids along with the 
glycerol backbone, and contained the glycated polar head of each Amadori-PE. Contrary to the product ions pro-
duced in the absence of sodium (e.g. m/z 577.519), the product ions produced in the presence of sodium were not 
generated from native PE, and were specifically diagnostic for Glc-PE and Lac-PE. Thus, we presumed that the 
use of these product ions as unilateral pairs of MRM analysis would enable quantification with higher selectivity. 
In addition, these product ions were mutual to all Glc-PE or Lac-PE regardless of the difference in molecular 
species, and were considered effective to be used in the PIS analysis to evaluate total Glc-PE or Lac-PE.

Regarding the adduct ions, only [M + Na]+ was detected as the precursor ion in the presence of sodium 
(Fig. 4), resolving the aforementioned fluctuation problem in the abundance ratio of [M + H]+ and [M + Na]+, 
thereby ensuring quantitativeness within analysis. This was another advantage in analysing Amadori-PE in the 
presence of sodium as opposed to the absence of sodium.

MRM and PIS analysis of Amadori-PE in powdered milk. MRM analysis of Amadori-PE. With 
the use of the characteristic product ions of Glc-PE (e.g. m/z 326.063) and Lac-PE (e.g. m/z 488.114) that 
were identified by MS/MS analysis in the presence of sodium, MRM analysis was conducted for the quantifi-
cation of Amadori-PE in MPLC at the molecular species level. MRM is frequently used for quantification of 
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Amadori-PE18,27 as MRM enables selective and sensitive detection of target compounds28,29. In the present study, 
since the characteristic product ions of Glc-PE and Lac-PE were found (Fig. 4), we used these product ions as uni-
lateral pairs and determined the MRM pairs of six different Amadori-PE species (34:1 Glc-PE: 902.6/326.1, 36:1 
Glc-PE: 930.6/326.1, 36:2 Glc-PE: 928.6/326.1, 34:1 Lac-PE: 1064.6/488.1, 36:1 Lac-PE: 1092.7/488.1 and 36:2 
Lac-PE: 1090.6/488.1). For the separation of the molecular species of Amadori-PE, a reverse phase column (ODS) 
was used since it had generally been adopted to separate molecular species in phospholipid analysis30. A gradient 
flow of methanol and water both containing 0.1 mM sodium acetate was used as the mobile phase. In general, 

Figure 2. TIC chromatogram of phospholipid classes in MPLC (A). Q1 mass spectra of peaks a (9.43–
11.11 min), b (12.73–13.00 min), c (13.17–13.44 min), d (15.45–16.37 min) and e (20.15–20.76 min) (B). 
According to the mass spectra, each peak (a–d) was identified as PE, Glc-PE, phosphatidylserine (PS), 
phosphatidylcholine (PC) & Lac-PE, and sphingomyelin (SM), respectively. Detailed analytical conditions are 
described in the Methods section.
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nonvolatile salts, including sodium, are considered to adversely affect MS instruments31. However, in the devel-
oped method, the concentration of sodium acetate was set at 0.1 mM, a low concentration at which stable analysis 
was achieved in previous reports16,25,26. The external calibration curves were found to exhibit good linearity within 
the range of 0.5 to 10 pmol per injection (Fig. 5A,B). Under the optimized conditions, each Amadori-PE standard 
was detected as a clear single peak (Fig. 5C,D). The detection limits of the main Glc-PE and Lac-PE species were 
50 fmol, superior to the previous reports18,27.

For the precise quantification of the main Amadori-PE species in MPLC, the extraction method was inves-
tigated as to whether it could properly extract each Amadori-PE species in MPLC. The recovery rates of Lac-PE 
species were 73.0–87.8% (accuracy:12.2–27.0, precision: 7.5–20.3) and 101.8–108.0% (accuracy:1.8-8.0, preci-
sion: 3.5–4.3) in MPLC and powdered milk sample A, respectively. The acceptance criterion for accuracy and 

Figure 3. Product ion mass spectrum of 34:1, 36:1 and 36:2 Glc-PE (A) and 34:1, 36:1 and 36:2 Lac-PE (B). 
Each standard (1 µM) was infused directly into the MS/MS (2.5 µL/min) in the absence of sodium. Detailed 
analytical conditions are described in the Methods section.

Figure 4. Product ion mass spectrum of 34:1, 36:1 and 36:2 Glc-PE (A) and 34:1, 36:1 and 36:2 Lac-PE (B). 
Each standard (1 µM) was infused directly into the MS/MS (2.5 µL/min) in the presence of sodium. Detailed 
analytical conditions are described in the Methods section.



www.nature.com/scientificreports/

7SCienTiFiC REPORTS |  (2018) 8:8729  | DOI:10.1038/s41598-018-27010-2

precision of 25% was almost achieved for extraction of the main Amadori-PE species. In addition, we evaluated 
ion suppression as it may affect quantification due to the large content of phospholipids relative to Amadori-PE 
in powdered milk, and the difficulty of their chromatographic separation. The matrix factors were 97.1–98.5% for 
Glc-PE and 97.4–98.8% for Lac-PE, thus we confirmed that the matrix effects were considered negligible.

As evaluation of the LC separation and extraction method was achieved, Glc-PE and Lac-PE in MPLC were 
analysed in the MRM mode. Glc-PE and Lac-PE in MPLC were detected as clear single peaks (Fig. 5E,F). By 
using external calibration curves, concentrations of the molecular species of Glc-PE and Lac-PE in MPLC were 
quantified as 19.5 mg/100 g for 34:1 Glc-PE, 23.6 mg/100 g for 36:1 Glc-PE, 100.0 mg/100 g for 36:2 Glc-PE, 
115.1 mg/100 g for 34:1 Lac-PE, 1820.4 mg/100 g for 36:1 Lac-PE, and 4837.9 mg/100 g for 36:2 Lac-PE. The abun-
dance of the molecular species of Glc-PE and Lac-PE in MPLC was 36:2, 36:1, and 34:1, in descending order. In 
agreement with the TIC analysis (Fig. 2), MPLC contained larger amounts of Lac-PE than Glc-PE. In the same 
way, other typical powdered milks were analysed in the MRM mode. The concentration of Glc-PE and Lac-PE in 
these milks are also described in Table 2.

Figure 5. MRM analysis of Glc-PE (A,C,E) and Lac-PE (B,D,F). Calibration curves of 34:1, 36:1 and 36:2 
Glc-PE (A) and 34:1, 36:1 and 36:2 Lac-PE (B). Different amounts of Glc-PE and Lac-PE (0.5–10 pmol) were 
analysed in the MRM mode. MRM chromatograms of Glc-PE (A,C) and Lac-PE (B,D) in the presence of 
sodium. A mixture of standards (10 pmol each) (C,D) and MPLC (E,F) were analysed by LC-MS/MS. Detailed 
analytical conditions are described in the Methods section.



www.nature.com/scientificreports/

8SCienTiFiC REPORTS |  (2018) 8:8729  | DOI:10.1038/s41598-018-27010-2

PIS analysis of Glc-PE and Lac-PE. As described above, the utilization of characteristic product ions 
(Glc-PE: m/z 326.1, Lac-PE: m/z 488.1) in the MRM analysis enabled accurate quantification of Glc-PE and 
Lac-PE at the molecular species level. However, quantification of Amadori-PE species with MRM was limited to 
Amadori-PE species synthesised from commercially available PE. We therefore analysed Amadori-PE in the PIS 
mode, aiming to evaluate total amounts of Amadori-PE molecular species in MPLC. As the characteristic product 
ions of Glc-PE and Lac-PE were common within their respective molecular species (Fig. 4), in theory, all Glc-PE 
and Lac-PE species would be detected in the PIS mode. Hence, in the present PIS analysis, third quadrupole 
(Q3) is fixed to the fragment masses of analytes (e.g. m/z 326.1 and 488.1) for the evaluation of total Glc-PE and 
Lac-PE.

The phospholipid fraction of MPLC was analysed in the PIS mode in the presence of sodium, where Glc-PE 
and Lac-PE were each detected as single peaks (Fig. 6A,C). From the mass spectrum of each peak, the main 
species of Glc-PE and Lac-PE found in MPLC were 34:1, 36:1, 36:2 and 36:3 as observed in TIC analysis. With 
regard to quantification, calibration curves for Glc-PE and Lac-PE were prepared with 36:2 Glc-PE and Lac-PE, 
respectively, as these were the most abundant species in MPLC. The calibration curves exhibited good linearity 
within the range of 1 to 20 pmol per injection (Fig. 6B,D). The concentrations of Glc-PE and Lac-PE in MPLC 

MRM PIS

Glc-PE Lac-PE

Total Glc-PE Total Lac-PE34:1 36:1 36:2 34:1 36:1 36:2

mg/100 g

MPLC 19.5 ± 3.0 23.6 ± 3.8 100.0 ± 2.8 115.1 ± 3.2 1820.4 ± 31.9 4837.9 ± 367.2 480.3 ± 9.0 8239.6 ± 506.2

A 1.8 ± 0.1 2.5 ± 0.1 2.9 ± 0.1 1.5 ± 0.2 1.6 ± 0.2 7.0 ± 0.4 7.8  ± 0.7 11.6 ± 0.2

B 0.9 ± 0.05 0.8 ± 0.09 1.9 ± 0.1 2.1 ± 0.1 1.7 ± 0.2 6.7 ± 0.3 4.3 ± 0.3 18.7 ± 0.6

C 0.7 ± 0.05 0.4 ± 0.06 1.4 ± 0.1 2.2 ± 0.2 2.1 ± 0.3 9.0 ± 0.4 6.6  ± 0.4 18.9 ± 0.1

Table 2. Concentrations of Glc-PE and Lac-PE in powdered milk obtained with the MRM and PIS modes. 
Values are described as means ± SDs (n = 3).

Figure 6. PIS chromatograms of Glc-PE (A) and Lac-PE (C) in MPLC, analysed in the presence of sodium. 
Figure inserts show Q1 mass spectra of each peak. Calibration curves of 34:1, 36:1 and 36:2 Glc-PE (B) and 34:1, 
36:1 and 36:2 Lac-PE (D). Different amounts of Glc-PE and Lac-PE (1–20 pmol) were analysed in the PIS mode 
(PIS of m/z 326.1 or 488.1). Detailed analytical procedures are described in the Methods section.
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were 480.3 mg/100 g for Glc-PE and 8239.6 mg/100 g for Lac-PE (Table 2). The quantified values in the PIS mode 
demonstrated higher values than the sum of 34:1, 36:1 and 36:2 calculated from MRM analysis, implying that the 
evaluation of the total amounts of Amadori PE can be achieved with PIS analysis. Also, the Amadori-PE concen-
tration in MPLC was much higher than that of other powdered milk (Table 2). This may be reflected that MPLC 
was derived from buttermilk whose phospholipids content was almost 1000 times higher than bovine milk22,32.

Importantly, as shown in Fig. 6B and D, the slopes of the individual calibration curves of three Glc-PE or three 
Lac-PE species slightly varied among species probably due to the difference in ionization efficiency. Therefore, 
further evaluation (e.g. selection of suitable calibration curve) is required to the PIS quantification method in 
future studies to improve quantitative accuracy.

Conclusion
In the present study, we aimed to analyse Glc-PE and Lac-PE in powdered milk at the molecular species level by 
using LC-MS/MS in three different modes. With the TIC mode, the main Glc-PE and Lac-PE species in MPLC 
were identified as 34:1, 36:1, 36:2 and 36:3. Additionally, by using the characteristic product ions observed in the 
presence of sodium, we quantified the main Glc-PE and Lac-PE species in the MRM mode, and evaluated their 
total concentrations in the PIS mode. The methods represent powerful tools to quantify Amadori-PE in powdered 
milk, which may provide a better understanding of glycated lipids in food and health, especially relating to infant 
food and nutrition.

References
 1. Bucala, R., Makita, Z., Koschinsky, T., Cerami, A. & Vlassara, H. Lipid advanced glycosylation: pathway for lipid oxidation in vivo. 

Proc. Natl. Acad. Sci. USA 90, 6434–6438 (1993).
 2. Pamplona, R., Bellmunt, M. J., Portero, M., Riba, D. & Prat, J. Chromatographic evidence for Amadori product formation in rat liver 

aminophospholipids. Life Sci. 57, 873–879 (1995).
 3. Calvano, C. D., De Ceglie, C. & Zambonin, C. G. Development of a direct in-matrix extraction (DIME) protocol for MALDI-TOF-

MS detection of glycated phospholipids in heat-treated food samples. J. Mass Spectrom. 49, 831–839 (2014).
 4. Requena, J. R. et al. Carboxymethylethanolamine, a biomarker of phospholipid modification during the Maillard reaction in vivo. J. 

Biol. Chem. 272, 17473–17479 (1997).
 5. Ravandi, A., Kuksis, A., Marai, L. & Myher, J. J. Preparation and characterization of glucosylated aminoglycerophospholipids. Lipids. 

30, 885–891 (1995).
 6. Ravandi, A. et al. Isolation and identification of glycated aminophospholipids from red cells and plasma of diabetic blood. FEBS Lett. 

381, 77–81 (1996).
 7. Lederer, M. O., Dreisbusch, C. M. & Bundschuh, R. M. Amadori products from model reactions of D-glucose with 

phosphatidylethanolamine-independent synthesis and identification of 1-deoxy-1-(2-hydroxyethylamino)-D-fructose derivatives. 
Carbohydr. Res. 301, 111–121 (1997).

 8. Lertsiri, S., Shiraishi, M. & Miyazawa, T. Identification of deoxy-D-fructosyl phosphatidylethanolamine as a non-enzymic glycation 
product of phosphatidylethanolamine and its occurrence in human blood plasma and red blood cells. Biosci. Biotechnol. Biochem. 
62, 893–901 (1998).

 9. Utzmann, C. M. & Lederer, M. O. Independent synthesis of aminophospholipid-linked Maillard products. Carbohydr. Res. 325, 
157–168 (2000).

 10. Oak, J. H., Nakagawa, K. & Miyazawa, T. Synthetically prepared Amadori-glycated phosphatidylethanolamine can trigger lipid 
peroxidation via free radical reactions. FEBS Lett. 481, 26–30 (2000).

 11. Oak, J. H., Nakagawa, K. & Miyazawa, T. UV analysis of Amadori-glycated phosphatidylethanolamine in foods and biological 
samples. J. Lipid Res. 43, 523–529 (2002).

 12. Sokol, E., Ulven, T., Færgeman, N. J. & Ejsing, C. S. Comprehensive and quantitative profiling of lipid species in human milk, cow 
milk and a phospholipid-enriched milk formula by GC and MS/MS. Eur. J. Lipid. Sci. Technol. 117, 751–759 (2015).

 13. Serhan, C. N. Pro-resolving lipid mediators are leads for resolution physiology. Nature. 510, 92–101 (2014).
 14. Arnardottir, H., Orr, S. K., Dalli, J. & Serhan, C. N. Human milk proresolving mediators stimulate resolution of acute inflammation. 

Mucosal Immunol. 9, 757–766 (2016).
 15. Folch, J., Lees, M. & Sloane-Stanley, G. H. A simple method for the isolation and purification of total lipids from animal tissues. J. 

Biol. Chem. 226, 497–509 (1957).
 16. Otoki, Y. et al. Accurate quantification of choline and ethanolamine plasmalogen molecular species in human plasma by liquid 

chromatography-tandem mass spectrometry. J. Pharm. Biomed. Anal. 134, 77–85 (2017).
 17. Miyazawa, T., Oak, J. H. & Nakagawa, K. A convenient method for preparation of high-purity, Amadori-glycated 

phosphatidylethanolamine and its prooxidant effect. Ann. N.Y. Acad. Sci. 1043, 276–279 (2005).
 18. Nakagawa, K. et al. Ion-trap tandem mass spectrometric analysis of Amadori-glycated phosphatidylethanolamine in human plasma 

with or without diabetes. J. Lipid Res. 46, 2514–2524 (2005).
 19. Chen, S., Belikova, N. A. & Subbaiah, P. V. Structural elucidation of molecular species of pacific oyster ether amino phospholipids 

by normal-phase liquid chromatography/negative-ion electrospray ionization and quadrupole/multiple-stage linear ion-trap mass 
spectrometry. Anal. Chim. Acta. 735, 76–89 (2012).

 20. Houjou, T., Yamatani, K., Imagawa, M., Shimizu, T. & Taguchi, R. A shotgun tandem mass spectrometric analysis of phospholipids 
with normal-phase and/or reverse-phase liquid chromatography/electrospray ionization mass spectrometry. Rapid Commun. Mass 
Spectrom. 19, 654–666 (2015).

 21. Gallier, S., Gragson, D., Cabral, C., Jimenez, R. F. & Everett, D. W. Composition and fatty acid distribution of bovine milk 
phospholipids from processed milk products. J. Agric. Food Chem. 58, 10503–10511 (2010).

 22. Contarini, G. & Povolo, M. Phospholipids in milk fat: composition, biological and technological significance, and analytical 
strategies. Int. J. Mol. Sci. B. 14, 2808–2831 (2013).

 23. Utzmann, C. M. & Lederer, M. O. Identification and quantification of aminophospholipid-linked Maillard compounds in model 
systems and egg yolk products. J. Agric. Food Chem. 48, 1000–1008 (2000).

 24. Liu, L., Hedegaard, R. V. & Skibsted, L. H. Formation of Advanced Glycation End Products (AGEs) are Influenced by Lipids in Milk 
Powders. Aust. J. Chem. 66, 1074–1079 (2013).

 25. Kato, S. et al. Liquid chromatography-tandem mass spectrometry determination of human plasma 1-palmitoyl-2-
hydroperoxyoctadecadienoyl-phosphatidylchoine isomers via promotion of sodium adduct formation. Anal. Biochem. 471, 51–60 
(2015).

 26. Otoki, Y., Nakagawa, K., Kato, S. & Miyazawa, T. MS/MS and LC-MS/MS analysis of choline/ethanolamine plasmalogens via 
promotion of alkali metal adduct formation. J. Chromatogr. B. 1004, 85–92 (2015).



www.nature.com/scientificreports/

1 0SCienTiFiC REPORTS |  (2018) 8:8729  | DOI:10.1038/s41598-018-27010-2

 27. Miyazawa, T., Ibusuki, D., Yamashita, S. & Nakagawa, K. Analysis of Amadori-glycated phosphatidylethanolamine in the plasma of 
healthy subjects and diabetic patients by liquid chromatography-tandem mass spectrometry. Ann. N.Y. Acad. Sci. 1126, 291–294 
(2008).

 28. King, R. C., Gundersdorf, R. & Fernandez-Metzler, C. L. Collection of selected reaction monitoring and full scan data on a time scale 
suitable for target compound quantitative analysis by liquid chromatography/tandem mass spectrometry. Rapid Commun. Mass 
Spectrom. 17, 2413–2422 (2003).

 29. Jansen, R., Lachatre, G. & Marquet, P. LC-MS/MS systematic toxicological analysis: comparison of MS/MS spectra obtained with 
different instruments and settings. Clin. Biochem. 38, 362–372 (2005).

 30. Patton, G. M., Fasulo, J. M. & Robins, S. J. Separation of phospholipids and individual molecular species of phospholipids by high-
performance liquid chromatography. J. Lipid Res. 23, 190–196 (1982).

 31. Donato, P., Cacciola, F., Tranchida, P. Q., Dugo, P. & Mondello, L. Mass spectrometry detection in comprehensive liquid 
chromatography: basic concepts, instrumental aspects, applications and trends. Mass Spectrom. Rev. 31, 523–559 (2012).

 32. Haruta, Y., Kato, K. & Yoshioka, T. Dietary phospholipid concentration from bovine milk improves epidermal function in hairless 
mice. Biosci. Biotechnol. Biochem. 72, 2151–2157 (2008).

Acknowledgements
The authors thank MEGMILK SNOW BRAND for providing a powdered milk sample. This work was supported 
in part by JSPS KAKENHI Grant Number 25252025 and 16818703.

Author Contributions
Study design-A.K., Y.O., K.N., T.M. Experimental work-A.K., Y.O., J.I., S.K., N.U., K.N. Data analysis-A.K., Y.O., 
N.U., K.N. Writing manuscript-A.K., Y.O., N.S., K.N.

Additional Information
Competing Interests: MEGMILK SNOW BRAND provided a powdered milk sample derived from buttermilk 
(milk phospholipid concentrate, MPLC), but did not have any additional role in the study design, data 
collection and analysis, decision to publish, or preparation of the manuscript. The provider had no role in study 
design, data collection and analysis, decision to publish, or preparation of the manuscript.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://creativecommons.org/licenses/by/4.0/

	Development of quantitation method for glycated aminophospholipids at the molecular species level in powdered milk and powd ...
	Methods
	Materials. 
	Phospholipid extraction from powdered milk. 
	Extraction method validation. 
	TIC analysis of Amadori-PE species in powdered milk. 
	MS/MS fragmentation analysis of Amadori-PE standards. 
	MRM analysis of main Amadori-PE species. 
	PIS analysis of total Amadori-PE. 

	Results and Discussion
	TIC analysis of Amadori-PE species in powdered milk. 
	MS/MS analysis of Amadori-PE standards. 
	MRM and PIS analysis of Amadori-PE in powdered milk. 
	MRM analysis of Amadori-PE. 

	PIS analysis of Glc-PE and Lac-PE. 

	Conclusion
	Acknowledgements
	Figure 1 Scheme for the glycation of PE.
	Figure 2 TIC chromatogram of phospholipid classes in MPLC (A).
	Figure 3 Product ion mass spectrum of 34:1, 36:1 and 36:2 Glc-PE (A) and 34:1, 36:1 and 36:2 Lac-PE (B).
	Figure 4 Product ion mass spectrum of 34:1, 36:1 and 36:2 Glc-PE (A) and 34:1, 36:1 and 36:2 Lac-PE (B).
	Figure 5 MRM analysis of Glc-PE (A,C,E) and Lac-PE (B,D,F).
	Figure 6 PIS chromatograms of Glc-PE (A) and Lac-PE (C) in MPLC, analysed in the presence of sodium.
	Table 1 Optimal MS/MS parameters for the detection of Glc-PE and Lac-PE in the MRM and PIS modes.
	Table 2 Concentrations of Glc-PE and Lac-PE in powdered milk obtained with the MRM and PIS modes.




