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Abstract
Background: Lysophosphatidylcholine (LPC) plays pivotal roles in several physiologi-
cal processes and their disturbances are closely associated with various disorders. 
In this study, we described the development and validation of a reliable and simple 
flow injection analysis–tandem mass spectrometry (FIA-MS/MS)-based method using 
dried blood spots (DBS) for quantification of four individual LPC (C20:0, C22:0, C24:0, 
and C26:0).
Methods: Lysophosphatidylcholines were extracted from 3.2  mm DBS with 85% 
methanol containing 60 ng/ml internal standard using a rapid (30 min) and simple pro-
cedure. The analytes and the internal standard were directly measured by triple quad-
rupole tandem mass spectrometry in multiple reactions monitoring mode via positive 
electrospray ionization.
Results: Method validation results showed good linearity ranging from 50 to 2000 ng/
ml for each LPC. Intra- and inter-day precision and accuracy were within the accept-
able limits at four quality control levels. Recovery was from 70.5% to 107.0%, and all 
analytes in DBS were stable under assay conditions (24 h at room temperature and 
72 h in autosampler). The validated method was successfully applied to assessment 
of C20:0-C26:0LPCs in 1900 Chinese neonates. C26:0-LPC levels in this study were 
consistent with previously published values.
Conclusion: We propose a simple FIA-MS/MS method for analyzing C20:0-C26:0LPCs 
in DBS, which can be used for first-tier screening.
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1  |  INTRODUC TION

Lysophosphatidylcholine (LPC), a class of glycerophospholipids, 
is an important component of human plasma, and is produced by 
the cleaving of phosphatidylcholine (PC) and/or the transfer of 
fatty acids to free cholesterol.1 As extracellular medium, LPC has 
a variety of cellular functions including regulating cell proliferation, 
apoptosis inhibition, and tumor cell invasion, affecting blood ves-
sels, and the nervous systems.2,3 Accumulated evidence suggested 
that abnormal LPC levels were closely correlated with many human 
diseases, such as diabetes, cancer, cardiovascular, and neurodegen-
erative diseases.4 For example, 26:0-LPC is known to be elevated 
in patients and has been applied to screen X-linked adrenoleukodys-
trophy (X-ALD) and other peroxisomal disorders in the neonates.5 
Consequently, the analysis of LPCs as biomarkers of different dis-
ease states has gained considerable interest recently.

Various methods have been developed to detect and measure 
LPCs in liquid blood.6-8 Therefore, a few milliliters of blood are 
generally required to be drawn by venipuncture, while it poses an 
obvious challenging task to implement in the pediatric populations. 
In addition to collecting venous blood, dried blood spot (DBS) tech-
nique offers a more convenient and less-invasive option where a 
small volume of capillary blood (<100 µl) is acquired to a filter paper 
by a finger prick without massive blood collection.9,10 Some of the 
advantages, such as minimal invasiveness, simplified sample collec-
tion, as well as reduced blood volume requirement, facilitate DBS to 
be most popular among clinics, especially in the laboratory workup 
for pediatric population.11,12 Despite the potential benefits of DBS 
sampling, highly sensitive analytical methods are required for anal-
ysis to overcome the limitation from the small size of the samples. 
The common technique adopted in DBS is flow injection analysis–
tandem mass spectrometry (FIA-MS/MS). FIA-MS/MS is a simple 
and fast method, in which samples are introduced to the MS instru-
ment directly without including any chromatographic system.13,14 
This allows the rapid measurement of multiple analytes with high 
sensitivity and specificity. In view of this, FIA-MS/MS combined 
with DBS sampling has been rated as one of the most cost-  and 
time-effective strategies and widely utilized for high-throughput 
screening.

However, the reports of FIA-MS/MS methods for the quanti-
fication of LPCs in DBS samples are limited. Turgeon et al. initially 
demonstrated the use of DBS technology combined with FIA-MS/
MS method for estimating LPCs in 2015.15 A panel of LPCs (C20:0, 
C22:0, C24:0, and C26:0) was also analyzed in India by Natarajan 
et al. with a reliable and fast FIA-MS/MS method, where they 
measured the concentrations and the ratios of LPC.5 Except for 
Tian’s work adopting the NeoBaseTM 2 Non-derivatized MSMS 
kit, no further reported was published on DBS-based assay for 
measuring LPCs with Chinese neonates.16 NeoBaseTM 2 kit was an 
upgraded version of NeoBaseTM 1 and it added more metabolites 
including 3 amino acids, 5 acylcarnitines, 4  lysophospholipids, 2 
nucleosides, and the coverage was expanded to 57 metabolites. 

Although the use of commercial kit might be preferable for simul-
taneous quantification of various metabolites in clinical labora-
tories, it would be costly when measuring a portion of targeted 
compounds.

The aim of this study was to develop a first-tier method for si-
multaneous and high-throughput quantification of four LPCs (C20:0, 
C22:0, C24:0, and C26:0) by combining DBS sampling with FIA-MS/
MS. After the bioanalytical validation, the method was applied to a 
collection of clinical samples of 1900 Chinese newborns to further 
explore its clinical utility.

2  |  MATERIAL S AND METHODS

2.1  |  Chemicals and reagents

The chemical standards of C20:0, C22:0, C24:0, and C26:0-LPC and 
isotope labeled internal standard C26:0-d4-LPC were purchased 
from Avanti Polar Lipids, Inc. HPLC-MS grade methanol and ace-
tonitrile were purchased from Merck. Analytical grade chloroform, 
formic acid, and ammonium acetate were purchased from Sigma-
Aldrich. Filter paper grade 903 was obtained from Whatman GmbH.

2.2  |  DBS preparation

Independent primary stock solutions of four LPCs were prepared at 
a concentration of 1 mg/ml in methanol. Primary stock solutions in 
methanol were then mixed to prepare pooled standard stock solu-
tion and stored at −20℃. Working solutions for calibration stand-
ards were obtained by diluting the standard stock solution, resulting 
in a series of solutions with concentrations of 2500, 6250, 12,500, 
25,000, 50,000, and 100,000 ng/ml for LPCs. DBS for calibration 
standards and QC samples were prepared as described below. 
Calibration standards were obtained by diluting the working stand-
ard 50-fold with pooled EDTA blood to the concentrations between 
50 to 2000 ng/ml. The QC samples at 50, 125, 500, and 1000 ng/
ml were also prepared similarly. An aliquot (50 µl) of spiked blood 
was subsequently spotted on filter paper card and dried overnight at 
room temperature. All the DBS cards were finally stored at −20℃ in 
ziplock bags with desiccant.

2.3  |  Sample extraction

For each sample, a single 3.2 mm disk was punched from the DBS 
card into a 96-well microtiter plate and 100 µl of extraction work-
ing solution (85% aqueous methanol) containing deuterated internal 
standard (60 ng/ml C26:0-d4-LPC) was added. Then, the plate was 
covered and shaken at 450 rpm for duration of 30 min at 45℃. The 
extract from each well was then transferred to a fresh 96-well plate 
and sealed with heat sealing foil for FIA-MS/MS analysis.
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2.4  |  FIA-MS/MS analysis

Quantitative analysis was conducted using Waters Xevo TQD tri-
ple quadrupole mass spectrometer (Water Corporation) with an 
electrospray ionization (ESI) source operated in positive ion mode. 
Analytes and the internal standard were monitored in the multiple 
reactions monitoring (MRM) mode with the following quantifica-
tion ion pairs 636.5 >  104.0 (C26:0-LPC), 608.5 >  104.1 (C24:0-
LPC), 580.4 > 104.1 (C22:0-LPC), 552.4 > 104.1 (C20:0-LPC), and 
640.6 > 104.1 (C26:0-d4-LPC). The optimized ionization source pa-
rameters were as follows: capillary voltage 3.0 kV, cone voltage 55 V, 
source temperature 150℃, desolvation temperature 350℃.

The injection volume was 10  µl for each sample. The mobile 
phase comprising methanol/water (85/15, v/v) with 5 mM ammo-
nium acetate was used for elution. The initial flow rate was 0.2 ml/
min, and then reduced to 0.02 ml/min between 0.12 and 1.0 min, in-
creased to 0.8 ml/min between 1.0 and 1.2 min, and finally returned 
to 0.2 ml/min between 1.2 and 2.0 min. The concentration of LPCs 
(C20:0, C22:0, C24:0, and C26:0) was calculated using the following 
formula: (analyte peak area)/(internal standard peak area) × (concen-
tration of internal standard)  ×  dilution factor. Dilution factor was 
31.25, which represents the dilution of blood from the 3.2 mm DBS 
disk in 100 µl of extraction solution.

2.5  |  Method validation

Linearity of the assays was assessed from a calibration curve estab-
lished by plotting the peak–area ratios of analyte to IS vs. the con-
centration ranging from 50 to 2000 ng/ml. The calibration function 
was fitted by linear regression model and the coefficient of determi-
nation (R2) was calculated.

Accuracy and precision were evaluated by repeatedly analyzing 
QC samples at four concentration levels with 10 replicates on the 
same day (intra-day) and between three consecutive days (inter-day). 
Accuracy was calculated from the percent difference between the 
measured concentration and the nominal concentration. Precision 
was expressed as the percentage coefficient of variation (%CV).

Recovery was evaluated by analyzing DBS samples before and 
after the addition of QC standards and determined by measuring the 
ratio of the increased concentration to the added concentration at 
four different concentrations.

Stability experiments were performed by repeated analysis QC 
samples and presented as percent of the concentration originally 
measured, and the storage conditions were as follows: (1) room tem-
perature for 24 h prior to pretreatment as bench-top stability, (2) 
autosampler (4 °C) for 72 h as postpreparative stability.

To investigate the effects of the hematocrit (Hct) of whole blood 
on quantification, fresh blood was centrifuged and the red blood 
cells were washed three times with saline. Then, different volumes 
of plasma and red blood cells were mixed to obtain blood samples 
with different Hct levels (0.30, 0.40, 0.5, and 0.6). QC concentra-
tions at 50, 125, 500, and 1000 ng/ml were tested at four Hct Levels.

2.6  |  Application to clinical samples

This study was reviewed and approved by Beijing Obstetrics and 
Gynecology Hospital Research Ethics Committee. A total of 1900 
anonymous samples were obtained from residual newborn DBS 
samples following routine newborn screening between April 2020 
and June 2020 in Beijing Newborn Screening Center. All participants 
were negative for screening programs. DBS were collected by heel 
prick method between 24 h and 7 days after birth and spotted on 
Whatman filter paper cards for analysis.

2.7  |  Statistical analysis

Quantification was performed using Masslynx 4.2 employing the 
NeolynxTM program. Statistical analysis was performed using SPSS 
26.0 software (SPSS Inc.). Reference intervals for each analyte were 
expressed as medians (50th) and the 1st and 99.9th percentiles of 
the distributions.

3  |  RESULTS AND DISCUSSION

3.1  |  Method optimization

3.1.1  |  Extraction procedure

A simple and efficient extraction procedure is important for first-tier 
method in order to minimize sample turn-around time and maintain 
extraction sufficiency. In general, extraction methods for the anal-
ysis of DBS samples consist of several steps: punching out a disk, 
adding extraction solvent (such as methanol, acetonitrile, or mixture) 
and derivatization (if necessary), then shaking, vortexing, or sonifi-
cation.17 Similar sample preparation strategy was also adopted in 
our method. Five extraction solvents including methanol, a mixture 
of methanol/water (85/15, v/v), a mixture of 0.02% formic acid in 
methanol/ water (85/15, v/v), and a mixture of 0.05% formic acid in 
methanol/water (85/15, v/v), were evaluated. The extraction profile 
of four analytes at various conditions is shown in Figure 1. Basically, 
the signal intensity of LPCs was considerably increased in the pres-
ence of water for most of the analytes. The addition of formic acid 
had little positive effect on single response, and too much formic 
acid was found to yield decreased single on the contrary. A mixture 
of methanol/water (85/15, v/v) produced the best extract effect 
with highest signal response.

In addition, a shaking incubation step was included because of 
its reduced extraction time and improved extraction efficiency. 
Experiments were also conducted to determine optimal incubation 
conditions by testing different incubation time (30, 45, and 60 min), 
incubation temperature (room temperature, 45℃), and shak-
ing speed (450, 750  rpm). No significant difference was observed 
with respect to the extraction efficiency. Nevertheless, 45℃ was 
selected as the optimal temperature because it is easy to control. 
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Therefore, the optimal values regarding incubation procedure were 
30 min, 45℃, and 450 rpm.

3.1.2  |  FIA-MS/MS conditions

Subsequently, the elution conditions were further investigated. For 
the mobile phase composition, methanol, the mixture of methanol 
and water was tested, with formic acid (0.05%, 0.1%), ammonium 
acetate (5 mM) used as an additive under all conditions. It was found 
that addition of ammonium acetate could provide higher peak inten-
sity than formic acid (Figure 1). However, when the ammonium ac-
etate and formic acid added together, no extra signal enhancement 
was observed. Therefore, methanol/water (85/15, v/v) with 5 mM 
ammonium acetate was selected as the mobile phase.

In terms of the elution gradient, both constant flow rate and vari-
able flow rate elution were evaluated. In the initial stage of method 
development, analytes in neat solutions were able to acquire sym-
metrical peaks using constant flow rate; however, chromatographic 
peak shapes from DBS extraction became bifurcation and tailing. It 
may be due to the reason that the entire sample injection band is in-
troduced at the same time to the mass spectrometer in the FIA-MS/
MS run; thus, analytes of interest are not separated from endogenous 
compounds which could lead to interferences.13,18 Consequently, we 
switched to variable flow rate that started with a rapid flow rate fol-
lowed by a reduced rate to obtain a wide chromatographic peak and 
form a relative steady state for analysis.

After the evaluation of a series of parameters that influence 
extraction process and FIA-MS/MS method, we finally exploited 
a robust and fast FIA-MS/MS quantification method for LPCs by 
skipping chromatographic separation. The major advantages of the 
present method are that the analysis requires only 3.2  mm DBS 
cards and it has a short run-time (2 min), facilitating it as a potential 
first-tier method for high-throughput screening. Sample treatment is 

relatively quick and simple, and only involves methanol extraction, 
ensuring the feasibility in clinical practice.

3.2  |  Method performance

Linearity of the method was assessed using 6-point calibration curve 
selected to cover the range of expected physiological concentra-
tions of each analyte. With the DBS calibrators, the method showed 
good linearity in the range of 50–2000 ng/ml for all the analytes. 
The correlation coefficient (R2) determined by least-squares analysis 
was as follows: 0.998 for C20:0-LPC, 0.997 for C22:0-LPC, 0.998 for 
C24:0-LPC, and 0.999 for C26:0-LPC.

The methods were evaluated in terms of intra-day accuracy and 
precision by assaying QC samples. As shown in Table 1, the intra-
day precision for all compounds was less than 14% and accuracy 
ranges from 85.0% to 115.8% (Table 1). The inter-day precision was 
assessed by analyzing three sets of all QC samples on three con-
secutive days. The inter-day CV was less than 16% with the corre-
sponding accuracy of 85.4%–115% (Table 1). This method displayed 
satisfactory precision and accuracy meeting acceptance criteria for 
bioanalytical methods.

Recovery was determined by analyzing DBS samples prepared 
from pooled blood with known analyte concentrations before and 
after the spiking of the four levels of QC standards. In this study, 
the recovery was 88.4%–106.83% at the concentrations of 125, 
500, and 1000 ng/ml (Table 2), but lower than 80% at the concen-
tration of 50 ng/ml owing to the endogenous levels are higher than 
the spiked concentration.

The stability of LPCs before and after pretreatment samples was 
tested under a variety of conditions using QC samples. The stability 
results (Table S1) showed that no significant degradation of analytes 
in DBS samples was observed when stored at room temperature for 
24 h. Additionally, the stability of processed sample stability in the 

F I G U R E  1 (A) Optimization of the extraction solvent; and (B) mobile phase for the analysis of the LPCs
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autosampler over a 72 h period was also evaluated. The results sug-
gested that all processed samples were stable in the autosampler for 
72 h. The average accuracy of each concentration was within ±15% 
of its originally measured value.

Blood samples with different Hct values might affect the spot-
ting area, spot composition, and quantification results. Hct values 
usually range between 49% and 61% for newborns. To investigate 
the effects of Hct, four Hct levels (0.3, 0.4, 0.5, and 0.6) and at QC 
concentrations of 50, 125, 500, and 1000 ng/ml were analyzed. The 
accuracies at higher Hct levels (0.4, 0.5, and 0.6) were 81.2–115.2%; 

however, the accuracy was lower than 80% for C26:0-LPC at the 
lower Hct level (0.3) (Table S2). In summary, limited effect of hema-
tocrit on LPCs concentration in DBS samples was observed.

3.3  |  Clinical application

Next, the developed method was applied to 1900 DBS samples from 
the newborns at our institute for the measurement of LPC concen-
trations and their relative rations. Their mean values with standard 

TA B L E  1 Precisions and accuracies of the method (n = 10)

LPCs
Spiked concentration 
(ng/ml)

Inter-day concentration 
(ng/ml) CV (%) Accuracy (%)

Intra-day concentration 
(ng/ml) CV (%)

C26:0-LPC 50 48 17.58 96.32 50 16.78

125 116 7.08 93.07 116 10.51

500 483 7.05 96.59 490 7.69

1000 1025 3.95 102.53 1066 6.70

C24:0-LPC 50 51 18.24 101.56 50 17.92

125 120 7.21 96.07 117 9.72

500 524 5.s66 104.84 512 7.09

1000 1118 4.50 111.80 1136 5.42

C22:0-LPC 50 55 16.13 110.18 53 15.63

125 119 5.65 95.00 115 9.22

500 522 6.03 104.49 503 7.52

1000 1060 4.76 105.97 1063 5.49

C20:0-LPC 50 51 13.86 101.32 50 14.86

125 115 6.41 91.95 109 10.95

500 487 4.28 97.36 463 6.96

1000 989 5.06 98.90 988 6.13

TA B L E  2 Recovery of LPCs (n = 6)

LPCs Endogenous concentration (ng/ml) Spiked concentration (ng/ml) Measured concentration (ng/ml) Recovery (%)

C26:0-LPC 129 50 165 73.22

125 252 99.04

500 630 100.04

1000 1111 98.20

C24:0-LPC 136 50 173 74.58

125 263 102.33

500 658 104.57

1000 1204 106.83

C22:0-LPC 146 50 139 70.52

125 221 93.29

500 623 103.70

1000 1112 101.10

C20:0-LPC 77 50 115 75.83

125 187 88.42

500 567 98.07

1000 1021 94.45
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deviation and the median along with concentration range were 
shown in Table 3. The earlier publication of C20:0-C26:0-LPCs lev-
els in American newborns reported normal median values of 140, 
90, 190, and 180 ng/ml with a small sample size.15 A similar-scaled 
study was conducted in India population aged 1–60 years and the 
four LPCs levels were 0.32, 0.17, 0.29, and 0.16 µM.5 Tian et al con-
ducted a new born screening study for determining C20:0-C26:0-
LPCs levels in Shanghai population, involving 3078 DBS specimens. 
The median values of LPCs were 0.18, 0.14, 0.37, and 0.20 µM, re-
spectively.17 With respect to the median value of C26:0-LPC and 
C24:0-LPC, our results were in good agreement with those reported 
by Tian et al, while not consistent with the other two studies espe-
cially for C22:0-LPC and C20:0-LPC. This discrepancy might be due 
to difference of sample size, age, ethnicity, and region.

X-linked adrenoleukodystrophy is the most common inherited 
peroxisomal disorder caused by mutations in the ABCD1 gene. The 
disease is characterized by an obstacle of beta-oxidation, resulting 
in very long-chain fatty acid accumulation in plasma and tissues.19 
Recent studies have demonstrated that elevated C26:0-LPC is a 
sensitive and specific biomarker which could be used for screening 
of X-ALD and other peroxisomal disorders. With the advancements 
in early screening, diagnosis, and treatment, X-ALD was added to 
the federal recommended uniform screen panel in 2016. New York 
became the first state in the United States to begin universal new-
born screening for X-ALD screening by examining C26:0-LPC values, 
followed by Connecticut and California.20,21 Although screening for 
X-ALD has not yet been implemented in China, there are increasing 
provinces and regions that are willing to expand X-ALD as a routine 
newborn screening program in the near future. The presented ap-
proach displayed reliable quantitation of four different LPCs in DBS 
with minimum pretreatment.

4  |  CONCLUSIONS

In this study, we described a fast, reliable, and simple method for 
determination of LPCs in DBS by FIA-MS/MS with ESI positive ioni-
zation. The method allowed the analysis of maximum thirty samples 

per hour. The straightforward samples preparation procedure can be 
applied in a high throughput manner. In addition, DBS sampling pro-
vided more convenient and comfortable way for special populations 
such as critically ill and infants. In this way, it was beneficial to analyze 
the vast majority of samples in the clinical practice with this method, 
which was time- and cost-effective. The developed method was fully 
validated in terms of the linear range, accuracy, precision, recovery, 
stability, and Hct and has been successfully applied to the real sample 
analysis. In view of the pivotal roles of LPCs in various diseases, we 
believe that the utility of the method is not limited to X-ALD newborn 
screening application but also has potential to be extended to predict 
the severity of many others. However, more rigorous clinical evalua-
tion of the present method needs to be carried out in the future to 
further verify its utility in various clinical scenarios.
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