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Numerous studies have revealed a close correlation between the levels of apolipoproteins (Apos) (includ-
ing lipoprotein(a) [Lp(a)l) and an increased risk of cardiovascular disease in recent decades. However, clini-
cally, lipid profiling remains limited to the conventional plasma levels of cholesterol, triglyceride, ApoAl,
and ApoB, which brings the necessity to quantify more apolipoproteins in human plasma. In this study, we
simultaneously quantified 13 apolipoproteins and Lp(a) in 5 pL of human plasma using the LC-MS/MS
platform. A method was developed for the precise detection of Lp(a), ApoAl, A2, A5, B, C1, C2, C3, D, E,
H, L1, M, and J. Suitable peptides were selected and optimized to achieve clear separation of each peak.
Method validation consisting of linearity, sensitivity, accuracy and precision, recovery, and matrix effects
was evaluated. The intra-day CV ranged from 0.58% to 14.2% and the inter-day CV ranged from 0.51% to
13.3%. The recovery rates ranged from 89.8% to 113.7%, while matrix effects ranged from 85.4% to 113.9%
for all apolipoproteins and Lp(a). Stability tests demonstrated that these apolipoproteins remained stable
for 3 days at 4 °C and 7 days at —20 °C. This validated method was successfully applied to human plasma
samples obtained from 45 volunteers. The quantitative results of ApoAl, ApoB, and Lp(a) exhibited a close
correlation with the results from the immunity transmission turbidity assay. Collectively, we developed a
robust assay that can be used for high-throughput quantification of apolipoproteins and Lp(a) simul-

Received 8th February 2024,
Accepted 24th April 2024

DOI: 10.1039/d4an00221k

Open Access Article. Published on 13 May 2024. Downloaded on 1/9/2026 3:09:56 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/analyst

1. Introduction

Apolipoproteins are essential structural constituents of
plasma, facilitating the transport of cholesterol and other
lipids." An increasing number of works over the past decade
have substantiated the causal relationship between the concen-
trations of apolipoproteins (including lipoprotein(a) [Lp(a)])
and an elevated risk of atherosclerotic disease.”” Clinically,
lipid profiling continues to concentrate on conventional
markers, including total cholesterol, very low-density lipopro-
tein cholesterol (VLDL-c), low-density lipoprotein cholesterol
(LDL-c), high-density lipoprotein cholesterol (HDL-c), and tri-
glyceride, for assessing the status of hyperlipidemia patients.
Recently, there has been increased focus on the levels of apoli-

poprotein subtypes (such as apolipoprotein A1l (ApoA1l), ApoB)
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taneously for investigating related risk factors in patients with dyslipidemia.

because the ratio (ApoB/ApoA1l) is reported to be indepen-
dently associated with disease severity in stroke® or in critical
illnesses.” In a standardized case-control study of acute myo-
cardial infarction in 52 countries, Yusuf et al. revealed that the
ratio of ApoB/ApoA1 is the most important risk factor with the
highest population-attributable risk among myocardial infarc-
tion patients.® Additionally, the other subtypes of apolipopro-
tein, including ApoC1, ApoC2, and ApoC3,° "' were also
reported to play important roles in coronary heart diseases.
Hamsten et al. discovered that the ApoC1 content of triglycer-
ide-rich lipoproteins independently predicts early atherosclero-
sis in healthy middle-aged men."* The specific measurement
of ApoB, C3, and E of VLDL takes a greater risk than plasma
triglycerides for assessing recurrent coronary events in a pro-
spective Cholesterol and Recurrent Events (CARE) trial."?
Moreover, ApoE serves as a determinant of cardiovascular
disease risk and atherosclerosis, with apoE4 playing an impor-
tant role in the pathogenesis of Alzheimer’s disease.'*"”

Apart from the apolipoprotein, the lipoprotein (a) [Lp(a)]
comprised of apolipoprotein (a) covalently bound to apolipo-
protein B-100 via a single disulfide bridge poses challenges for
accurate detection due to its distinctive structural attributes
and size heterogeneity of apolipoprotein (a).'®'” Typically, the
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concentration of apo(a) exhibits an inverse relationship with
its size. This is attributed to the kringle IV (KIV) domain of
apo(a) consisting of 1 to 10 distinct KIV types, of which the
KIV-2 repeats range from 3 to 40 copies.'®'® Consequently, the
mass of the measured particle does not reflect the number of
Lp(a) particles, which makes it difficult for accurate quantifi-
cation of this apolipoprotein subtype. Therefore, the quantifi-
cation of Lp(a) may be under-estimated or over-estimated
when employing the immunochemical method.’

The quantitation of multiple apolipoproteins and Lp(a) is
the prerequisite to understanding their physiological and
pathophysiological functions. Furthermore, high-throughput
methods are required to simultaneously quantify multiple
apolipoproteins in a single measurement, particularly when
dealing with large sample numbers with limited amounts.
Previously, triglyceride-rich lipoproteins, such as ApoC1 and
ApoB, were usually sub-fractionated using cumulative density
gradient ultracentrifugation.'® In the current clinical labora-
tory, the quantification of apolipoproteins mostly relies on
the immunity transmission turbidity method, which is sus-
ceptible to endogenous interference or the hook effect.>* On
the other hand, the accuracy of the immunoassay was
reduced obviously for those samples with an extreme concen-
tration (too low or too high).?* With the state-of-the-art mass
spectrometry, Li et al. simultaneously quantified three apoli-
poproteins (Apo Al, E and J) in human plasma using solid
phase extraction.>”* Additionally, Roddy et al. developed a
method for the simultaneous quantification of apoB48 and
A5, employing a combination of immune-enrichment and
LC-MS measurement.”® Furthermore, Marcovina et al. pro-
posed the LC-MS/MS method as a candidate reference for
standardization of analytical methods for Lp(a) measure-
ment.>* Therefore, there is a need for the development of a
methodology capable of simultaneously identifying sub-
classes of apolipoproteins and Lp(a) that are associated with
dyslipidemia.

Here, we aim to simultaneously quantify 13 apolipoproteins
and Lp(a), including ApoA1l, ApoA2, ApoA5, ApoB, ApoCl,
ApoC2, ApoC3, ApoD, ApoE, ApoH, ApoL1, ApoM, ApoJ, and
Lp(a) in human plasma samples. Our study established a high
coverage and precise LC-MS/MS method for quantifying apoli-
poproteins and Lp(a) in human plasma with a small volume.

2. Materials and methods

2.1. Chemicals and reagents

Ammonium bicarbonate (AmBic), formic acid (FA), sodium
deoxycholate (SDC), dithiothreitol (DTT), iodoacetamide (IAA),
and dimethyl sulfoxide (DMSO) were purchased from Sigma
Aldrich Co. Ltd (St Louis, MO, USA). All reagents used were of
the highest available purity. HPLC gradient grade methanol
(MeOH, 99.9%)and acetonitrile (ACN, 99.9%) were purchased
from Merck Co. Ltd (Darmstadt, Germany). All peptides and
isotope internal peptides were purchased from Shanghai
Apeptide Co. Ltd (Shanghai, China). Sequencing grade modi-

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

fied trypsin was purchased from Promega Corporation
(Madison, USA).

2.2. Peptides

The selection of peptides should ideally adhere to the follow-
ing criteria:*>*° the selected amino acid sequence (1) is
specific for the targeted protein; (2) is preferably composed of
8 and 15 amino acid residues in length; (3) should exclude
unstable amino acid residues; (4) should not have C-terminal
adjacent arginine or lysine amino acid residues; (5) should not
contain known human genetic mutations, and (6) should not
be located within the KIV-2 domain for Lp(a).

Briefly, the NCBI Protein database (https:/www.ncbi.nlm.
nih.gov/protein/) was initially accessed to acquire the compre-
hensive sequence and relevant information for the designated
protein. Subsequently, the curated feature peptides that meet
the specific criteria were selected using the advanced tools
embedded in the Skyline software (https:/skyline.ms/). Finally,
the unequivocal uniqueness of the chosen feature peptides
within the genome or protein database was validated by dupli-
cating the selected feature peptide sequences and rigorously
examining the search results through the BLAST tool (https:/
blast.ncbi.nlm.nih.gov/Blast.cgi). Such precautionary steps
were undertaken to mitigate the risk of cross-reactivity or
ambiguity in subsequent analyses.

All selected peptides for each apolipoprotein and Lp(a) are
detailed in ESI Table S1.f Two or three candidate peptides for
some apolipoproteins (ApoAl, ApoA2, ApoB, ApoC1, ApoC2,
ApoE) and two peptides on unique KIV 5 (TPENYPNAGLTR, Lp
(a)-TPEN) and KIV 9 (GISSTTVTGR, Lp(a)-GISS) domain of Lp
(a) were selected for quantification according to the standar-
dized reference method.** The better peptide of each apolipo-
protein with higher peak intensity and recovery rate was
selected for further method validation (Table 1).

2.3. Standard stock solutions and internal standard preparation

The powder of each standard peptide was individually reconsti-
tuted in a solution of 50% acetonitrile (Vacn: Va0 = 1:1) to
produce stock solutions with a concentration of 1 mg mL™".
The linearity range based on the physiological concentration
and its dilution to the desired concentration by 50% ACN are
shown in Table 2. Stable isotope-labeled (SIL) peptides served
as internal standards to minimize the variability and improve
the precision and accuracy of the measurement. The internal
standard solution, consists of ApoA1-IS (20 mg L"), ApoA2-IS
(20 mg L"), ApoA5-IS (0.025 mg L"), ApoB-IS (5 mg L),
ApoC1-IS (2 mg L), ApoC2-IS (2 mg L), ApoC3-IS (2 mg
L"), ApoD-IS (2 mg L"), ApoE-IS (5 mg L"), ApoH-IS (2 mg
L"), ApoL1-IS (0.2 mg L"), ApoM-IS (0.2 mg L"), and Lp(a)-
GISS-IS (0.4 mg L™'). The solution was then divided into
several aliquots, which were stored at —80 °C to avoid repeated
freezing and thawing.

2.4. UPLC-ESI-MS/MS instrumentation and MS method

LC-MS/MS analysis was performed using an AB SCIEX Triple
Quad 6500+ mass spectrometer equipped with an electrospray
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Table 1 The MRM transitions, decluttering potential, and collision energy of each peptide and its internal standards
Peptide Protein name Peptide MW Precursor ion (m/z) Product ion (m/z) DP (V) CE (V)
VQPYLDDFQK ApoA1l 1252.3718 627.1 1025.7 44 23
1008.4 23 24
VQPYLDDFQK* ApoA1-IS 1260.3859 631.1 1033.7 46 21.3
1016.4 40 25.6
SPELQAEAK ApoA2 972.0506 487.0 442.8 87.3 24
659.4 44 26
SPELQAEAK“ ApoA2-IS 980.0648 491.0 450.8 87.3 24
667.4 44 26
VQELQEQLR ApoA5 1142.2629 571.9 673.6 38 24
915.4 40 29.6
VQELQEQLR"” ApOAS5-IS 1152.2711 576.9 683.6 40 30
925.4 45 28
TEVIPPLIENR ApoB 1280.4697 641.1 838.7 67.4 25.2
741.2 56 33
TEVIPPLIENR® ApoB-IS 1290.4780 646.1 848.7 65.2 29
751.2 27 32
EFGNTLEDK ApoC1 1052.0922 527.0 391.3 41 22
776.4 31 24
EFGNTLEDK" ApoC1-IS 1060.1064 531.0 399.3 41 24
784.4 44 22
TYLPAVDEK ApoC2 1035.1478 518.3 658.3 60 24.2
771.6 68 20.8
TYLPAVDEK® ApoC2-IS 1043.1619 522.3 666.3 128 25
779.6 86 23
GWVTDGFSSLK ApoC3 1196.3085 598.9 854.6 60 27.1
343.2 40 23.6
GWVTDGFSSLK* ApoC3-IS 1204.3226 598.9 854.6 60 27.1
343.2 40 23.6
NILTSNNIDVK ApoD 1230.3680 616.0 890.6 131 32
789.4 146 31
NILTSNNIDVK* ApoD-IS 1238.3821 620.0 898.6 144 28
797.4 102 35
LGPLVEQGR ApoE 968.1083 484.8 588.5 60 30.6
701.6 50 31.1
LGPLVEQGR* ApoOE-IS 978.1165 489.8 598.5 60 30.8
711.6 50 31.7
ATVVYQGER ApoH 1022.1126 512.0 652.4 66 22
751.4 75 15
ATVVYQGER" ApoH-IS 1032.1209 517.0 662.4 52 33
761.4 67 15
VTTVASHTSDSDVPSGVTEVVVK Apo] 2314.5021 772.4 507.9 50 30.2
650.9 45 28.8
ALDNLAR ApoL1 771.8620 386.9 473.4 53 27
588.5 60 30.6
ALDNLAR® ApoL1-IS 781.8703 391.9 483.4 51 23.8
598.5 93 17
FLLYNR ApoM 824.9660 413.6 565.3 125 20
452.3 100 20
FLLYNR® ApoM-IS 834.9743 418.6 575.3 119 32
462.3 102 32
672.4 1015.3 65 28.2
GISSTTVTGR Lp(a) 978.0585 489.9 808.3 30 21.8
533.3 40 25.2
GISSTTVTGR Lp(a)-GISS-IS 988.0668 495.3 543.2 30 22.5
818.2 31 22.8

“Internal standard peptides.

ionization (ESI) source (AB SCIEX, Framingham, MA, USA).
Chromatographic separation was achieved using a Waters
Acquity UPLC HSS T3 column (2.1 x 50 mm, 1.8 um) main-
tained at 45 °C with a flow rate of 0.3 mL min~". The mobile
phases comprised solution A (0.1% FA, 2% DMSO in water)
and solution B (0.1% FA, 2% DMSO in MeOH). The gradient
elution was optimized for the separation of individual peptides
as follows: 0-1 min 3% B, 1-16 min 30% B, 16-21 min 95% B,

3446 | Analyst, 2024, 149, 3444-3455

and 21-21.5 min 3% B. The column was equilibrated for two
more minutes, with a run time of 23 minutes in total. The ion
source parameters were set in the positive mode under
optimal conditions: curtain gas, 35 psi; ion spray voltage, 5500
V; temperature, 500 °C; and ion source gas 1/2, 50 psi. Optimal
multiple-reaction monitoring (MRM) transitions were further
identified for the analyses of individual peptides as well as
their corresponding isotope-labeled internal standards.

This journal is © The Royal Society of Chemistry 2024
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Table 2 The linearity of the measured peptides from all apolipoproteins and Lp(a)

Peptide Linear R RT (min) S/N Range® (ng ml™")
ApoA1l Y =2.20 x 10"°x + 0.027 0.995 16.5 2786.87 2000-400 000
ApoA2 ¥ =0.013x + 10.26 0.997 7.3 685.25 1000-200 000
ApoOA5 ¥ =0.015x + 0.0069 0.992 12.4 80.25 0.2-40

ApoB Y =7.22 x 10"*x + 0.0054 0.999 18.1 309.9 100-20 000
ApoC1 Y =6.82 x 10 "*x + 0.047 0.991 11.1 1929.59 100-20 000
ApoC2 ¥ =6.09 x 10"*x + 0.045 0.999 14.3 1999.06 125-25 000
ApoC3 y=2.40x10""x — 1.48 x 10~* 0.996 18.1 356.05 250-50 000
ApoD ¥ =5.34 x 10"*x + 0.0037 0.999 17.1 833.49 250-50 000
ApoE ¥ =2.37 x 10"*x + 0.0078 0.999 12.5 1581.9 25-5000
ApoH Y =8.24 x 10"*x + 0.044 0.999 8.4 347.83 100-20 000
Apo] ¥ =0.0024x — 0.13 0.995 17.6 841.34 250-50 000
ApoL1 » =0.0011x + 0.032 0.999 10.1 258.65 50-10 000
ApoM ¥ = 0.0019x + 0.0059 0.998 16.1 2786.87 25-5000
Lp(a)-GISS ¥ = 0.0092x + 0.0075 0.999 8.7 685.25 2-400

“The concentration here refers to the concentration of the peptide segments. Keys: RT, Retention time; min, minute; S/N, signal to noise ratio.

The [M + 2H] double-charged precursor ions while product
ions with a single charge (specifically y-ions) were chosen for
quantification (as quantifier ions) and qualification (as quali-
fier ions) due to their excellent response in mass spectrometry.
If possible, product ions with m/z values greater than those of
the precursor ion were selected to minimize the possibility of
interferences. The simultaneous measurement of transitions
in dynamic MRM mode was minimized by using a planned
measurement approach for different peptides. Each peptide
was allocated a retention time window of 60 seconds. Data
acquisition and analysis were conducted using Analyst 1.7.1
software (AB Sciex) and further analyzed using OS 2.1 software
(AB Sciex).

2.5. Linearity of calibration curves

Bovine serum albumin (BSA) dissolved in PBS solution was uti-
lized as a substitute for comparing various plasma matrices.
The calibration curves were determined by measuring the
different concentrations of standard peptides in the BSA solu-
tion. For each peptide, the peak area ratio (Y) to the corres-
ponding SIL internal standard versus the nominal concen-
tration (X) of analytes was calculated with weighted (1/X?) least
squares linear regression. The lower limit of quantification for
different analytes was determined by the minimal concen-
tration with a signal-to-noise ratio (S/N) of 10: 1.

2.6. Precision and accuracy

To evaluate the precision and accuracy, the intra-day and inter-
day accuracy of quality control (QC) samples (including solu-
tion mixture and plasma samples) at different concentrations
(low, middle, and high levels) was analyzed in 6 replicates in
one day and over three consecutive days, respectively. The pre-
cision was determined as the coefficient of variation (CV) of
the measured concentration, while the accuracy was evaluated
as the relative error (RE) of the mean measured concentration
that deviated from the nominal value. The estimation of pre-
cision and accuracy was assessed according to the guidelines
outlined by the Clinical and Laboratory Standards Institute

This journal is © The Royal Society of Chemistry 2024

(CLSI C62-A), which established a maximum permissible RE
and CV of 15%.>”

2.7. The matrix effect

The matrix effect of each peptide was evaluated by examining
the BSA or mice plasma spiked at the different concentrations
(low, medium, and high) of the peptide standard mixture. For
each peptide, the spiked concentrations in BSA or mice
plasma were calculated based on the calibration curve in the
solution. The matrix factor (MF) of each peptide was calculated
by dividing the spiked concentration in BSA or mice plasma by
the theoretical spiked concentration. Then the matrix effect for
the analytes at each concentration was obtained. The matrix
factor is considered acceptable if it is below 20%.

MF — spiked concentration in BSA(L, M, H)
"~ theoretical spiked concentration

x 100%

2.8. The extraction recovery

The extraction recovery of each peptide was evaluated by exam-
ining the QC sample spiked at the different concentrations
(low, medium, and high) of the peptide standard mixture. For
each peptide, the spiked BSA concentrations were calculated
based on the matrix calibration curve. Then the extraction
recovery was calculated by subtracting the original concen-
tration from the concentration of the spiked sample and divid-
ing it by the theoretical spiked concentration. The recovery
rate is considered acceptable if it is below 20%.

x 100%

Recove calculated concentration(L, M, H)
very = - : :
Y= Theoretical spiked concentration

2.9. Stability

The storage conditions chosen for this investigation are practi-
cal operations that are usually encountered during routine
sample preparation in daily experiments. The stability of pep-
tides in human plasma was tested by measuring the concen-
trations immediately after sample collection and after storage
at various temperatures for different durations (room tempera-

Analyst, 2024,149, 3444-3455 | 3447
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ture for 24 hours, 4 °C for 3 days, and —20 °C for 7 days, n = 6).
Stability was evaluated by calculating the relative deviation of
each peptide concentration (80-120%) compared to its initial
concentration.

2.10. Sample collection

The newly developed method was applied to 45 plasma
samples of Chinese Han volunteers. This study adhered to the
principles of the Declaration of Helsinki and received approval
from the Ethics Committee of Tongji Medical College. Written
informed consent was obtained from all participants. Fasting
plasma samples were collected in the morning. The blood
samples were centrifuged at 3000g for 8 minutes and the ali-
quoted plasma was stored at —80 °C immediately. Additionally,
ApoAl, ApoB, and Lp(a) in the same sample were measured
using the immunity transmission turbidity method following
the manufacturer’s instructions on a Roche Cobas 8000
(Mannheim, Germany), in the Department of Clinical
Laboratory in Tongji Hospital.

2.11. Sample extraction

A previously published protocol was optimized for sample
preparation.>* Briefly, 10 uL of SIL-internal standard mixture,
5 pL plasma samples, or the calibrators in BSA (prepared as
described above) were mixed in a 1.5 mL tube with 75 pL of
1% SDC (w/v) and 50 pL of 100 mmol L' AmBic. Then the
mixture was reduced with 5 pL of 250 mmol L ™" DTT at 90 °C
for 60 minutes at 500 rpm, followed by mixing with 10 uL of
500 mmol L™" IAA for 30 minutes in the dark at room tempera-
ture. Then the 5 pL of 250 mmol L™" DTT was added to
quench the alkylation reaction, and the solution was diluted to
1 mL with 0.5% SDC in 100 mmol L™' AmBic. After centrifu-
gation at 10 000g for 10 minutes at 4 °C, 50 pL of the super-
natant was collected and mixed with an equal volume of 0.5%
SDC. Then 1 pg of sequencing grade Promega trypsin was used
for digestion at 37 °C on a constant temperature oscillator
overnight (18 hours). Following digestion, the reaction was ter-
minated by adding 20 pL of 20% formic acid aqueous solution.
The mixture was allowed to stand at room temperature for
5 minutes before centrifugation at 13 000g for 15 minutes at
4 °C. Finally, 80 pL of the supernatant was transferred to a
sample vial and injected into the LC-MS/MS system (Fig. 1).
Additionally, the usage of solid phase extraction (SPE) or
not was compared to optimize the sample extraction. Before
SPE, the Oasis Prime HLB cartridge plate was washed three
times with 0.6 mL water (0.1% formic acid), followed by
elution twice with 0.6 mL of 80% methanol (0.1% formic acid).
Then the eluate was subjected to a Termovap sample concen-
trator to remove the organic solvent. The dried tube was sub-
sequently reconstituted with 100 puL of a 0.1% formic acid solu-
tion for further sample acquisition on the LC-MS/MS system.

2.12. Statistical analysis

The peptide levels in plasma were analyzed and expressed
as mean * standard deviation using the GraphPad Prism 9
(San Diego, CA, U.S.A.). The distribution of all variables was

3448 | Analyst, 2024, 149, 3444-3455
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5 uL plasma
10 puL SIL mix
75 uL 1% SDC

50 puL 100mmol/L AmBic
5 uL 250 mmol/L DTT

90°C, 1h

10 pL 500 mmol/L IAA

Reduction

Alkylation

Room Temp, 0.5 h

5 uL 250 mmol/L DTT
750 pL 0.5% SDC

Dilution

Room Temp

1 ug trypsin | Digestion

37°C, 18 h

N

uL formic acid

LC-MS/MS

Stop digestion

Fig. 1 The flow chart of sample preparation. Keys: AmBic, ammonium
bicarbonate; DTT, dithiothreitol; IAA, iodoacetamide; RT, room tempera-
ture; SDC, sodium deoxycholate; SIL, stable isotope-labeled.

measured before statistical analysis. The Welch’s test was
employed for normally distributed data, while the Mann-
Whitney test was used for non-normally distributed data
(Prism, GraphPad Software Inc., San Diego, CA, USA). p < 0.05
was considered to be statistically significant.

3. Results and discussion

Although LC-MS/MS has emerged as a potent technique for
the simultaneous measurement of a series of compounds,?®?°
the immunoturbidimetric assay and enzyme-linked immuno-
sorbent assay (ELISA) remain the predominant clinical
methods for apolipoprotein and lipoprotein measurement.****
For the extreme samples with high antigen or antibody, the
formation of soluble complexes may lead to errors or be influ-
enced by hyperlipemia, thereby posing challenges to accurate
determination of apolipoprotein concentration in patients.
The main goal of the study was to develop a robust and sen-
sitive analytical protocol for quantifying a wide array of apoli-
poprotein and Lp(a) in human plasma. Challenges in analyz-
ing these peptides include chemical instability, complexity of
sample matrixes, and compatibility with a wide range of com-
pounds. Except for the immunity transmission turbidity
method, the measurement of apolipoprotein and Lp (a) by
LC-MS/MS has been increasing in recent years due to its high
sensitivity.>*** However, to our knowledge, there is currently

This journal is © The Royal Society of Chemistry 2024
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no reported bioanalytical LC-MS/MS method for the simul-
taneous analysis of apolipoproteins and Lp(a) in human
plasma using a small sample volume.

3.1. Chromatography and MRM-MS separation

The methods, including the separation method by UPLC and
the MS/MS fragment transitions of each peptide, were opti-
mized to ensure the resolution among all peptides. The total
ion chromatogram and its multiple reaction monitoring
(MRM) chromatograms of blank matrix solution containing
internal standards are shown in Fig. 2 and ESI Fig. S1,f
respectively.

It is better to choose two or more unique peptides of the
same apolipoprotein for peptide quantitation. Here two pep-
tides of some apolipoprotein (such as ApoAl, ApoA2, ApoB,

ApoA2
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ApoC1, ApoC2, ApoE, Lp(a)) were explored for the method vali-
dation. Following the comparison of peak intensity and pre-
liminary method validation, the peptides ApoA1-VQPY, ApoA2-
SPEL, ApoB-FPEV, ApoC1-EFGN, ApoC2-TYLP, ApoE-LGPL, and
Lpa-GISS were selected for subsequent quantification owing to
their relatively stable recoveries (Table 1 and ESI Table S17).

3.2. Method optimization for sample preparation

The sample extraction process, including the usage of solid
phase extraction (SPE), the optimization of the trypsin: plasma
ratio, and the determination of the optimal concentration of
SDC were explored to ensure optimal resolution among all
peptides.

Firstly, due to the relatively low abundance of endogenous
ApoA5 and Lp(a), we found that their peaks were easily inter-

ApoA1

ApoC2 ApoJ | ApoC3
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Fig. 2 The total (A) and dynamic multiple reaction monitoring (B) chromatograms of each peptide were analyzed in a standard solution mixture.
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fered with its neighboring peaks originating from the matrix.
In addition to attempts to adjust the chromatographic gradi-
ent to maximize the separation of the target signal from the
interference peak, the SPE or immunoaffinity method was
usually used for extracting ApoA5 in previous works.>” The
comparison between samples with and without SPE (Oasis
Prime HLB cartridge) was presented in ESI Fig. S2.t The
usage of SPE does not increase the signals of peptides. In
contrast, the peak intensity of ApoA5 and Lp(a) decreased sig-
nificantly after SPE. It was said that SPE usage is a double-
edged sword, offering the advantage of yielding clean
samples while mitigating signal suppression through desalt-
ing and preventing instrument contamination. Nonetheless,
the recovery rate for the low-abundance proteins, such as the
aforementioned two peptides, may not be optimal following
SPE extraction. Moreover, the peak splitting observed in
ApoC1 and ApoL1 may come from the co-elution after SPE
extraction. Besides, it should also be taken into account that
the usage of SPE would increase the labor intensity and the
cost of the method, which can be crucial when dealing with
substantial sample numbers.

Secondly, an optimal trypsin protease to plasma protein
ratio was evaluated before sample preparation. Although the
commonly accepted enzyme-to-substrate ratio typically ranges
from 1:20 to 1:100, numerous studies have suggested higher
enzyme concentrations positing enhanced digestion
efficiency.’>*® Considering the reported plasma protein
content per microliter (60-80 g L'),>” various amounts of
trypsin at 1 pg, 2 pg, and 4 pg were investigated to explore the
optimal trypsin:plasma ratio during sample preparation. There
was no obvious difference for all peptides with three different
amounts of trypsin when compared to the digestive enzyme at
1 pg (CV <15%) (ESI Table S2%). Then 1 pg trypsin (trypsin:
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apoA1=] % e L
apoA2- ot n ¢ M
apoA5= & ° A H
apoB = ° 4
apoC1- }
apoC2+ £
apoC3- A o

apoD = ® 4

apoE = ‘g

apoH = 4 ®

apoJ = P 4 A

apolL1- ‘.

apoM = f

Lp(a)- Io‘, .

60 80 100 120 140
MF (%)

View Article Online

Analyst

plasma = 1:14) was chosen for digestion for further validation
due to its efficiency and cost-effectiveness. Furthermore, we
also compared two types of reducing agents (tris-2-carbox-
yethyl-phosphine (TCEP) and DTT) to assess their effects on
targeted peptides. Although the majority of peptide quantifi-
cation remained unaffected by using different reducing agents,
DTT proved to be more effective in achieving a clear peak for
Lp(a) (ESI Fig. S371). It might be because the DTT is a specific
protein-RNA cross-linker and a cell-permeable reducing agent
when compared to the cell-impermeable reducing agent
TCEP.**%

Thirdly, the SDC added during the reduction step was used
to minimize the inadvertent omission of host cell proteins
during digestion.’*" Here different concentrations of anionic
descaling agent-based SDC (0.5%, 1%, 2%) that effectively dis-
rupts protein interactions were explored during sample prepa-
ration. Since the SDC’s chemical structure easily causes the
flocculent precipitates at pH levels below 7.5. It was observed
that a high SDC concentration resulted in significant precipi-
tation, which could not be fully resolved even after two rounds
of centrifugation for 30 minutes (ESI Fig. S47). Finally, the
0.5% SDC was chosen to minimize the suspended particles in
sample preparation.

3.3. Selection of substitute matrix and the matrix effects

A suitable alternative matrix was necessary to improve the
reliability and accuracy of the method. Ideally, human plasma
with extremely low levels of apolipoprotein and Lp(a) would
have served as an ideal matrix, but it is not easy to meet and
its amount for method validation is too much. Given that apo-
lipoproteins and Lp(a) are endogenous in human plasma, the
alternative matrices for the calibration curve were explored in
bovine serum albumin (BSA) and mice plasma (ESI Fig. S57).

B i
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Fig. 3 Data for matrix factor and recovery of the developed method for all measured apolipoproteins and Lp(a).
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Table 4 The stability of all measured apolipoproteins and Lp(a) in human plasma
24 h, room
temperature 3 days, 4 °C 7 days, —20 °C
Fresh analytes
Con* % RE % CV % RE % CV % RE % CV
ApoA1 (g L7 1.50 0.60 3.04 0.68 2.90 0.70 6.31
ApoA2 (g LY 0.33 2.68 5.37 2.66 2.87 2.26 3.87
ApoA5 (mg L) 0.25 0.72 9.35 1.88 6.83 8.86 8.87
ApoB (g L™ 0.96 2.56 0.13 3.77 8.60 1.62 18.16
ApoC1 (mg L) 73.50 3.41 0.70 4.55 9.31 412 15.07
ApoC2 (mg L) 95.84 2.56 5.29 2.65 3.78 0.83 4.31
ApoC3 (mg L) 133.25 4.13 14.10 2.48 13.61 15.06 2.60
ApoD (mg L™) 31.80 2.28 4.45 6.49 15.18 4.92 13.67
ApoE (mg L™ 286.01 1.11 1.07 1.77 3.48 2.58 1.75
ApoH (mg L1 103.43 8.37 2.21 8.19 16.98 2.54 14.72
ApoJ (mg L™ 221.62 11.42 2.60 8.78 0.78 11.33 9.12
ApoL1 (mg L™ 59.06 4.70 0.43 4.39 5.43 3.09 1.22
ApoM (mg L) 19.05 4.59 0.38 6.93 7.14 2.82 11.58
Lp(a) (nmol L™Y) 51.20 3.36 3.75 3.82 11.39 5.67 0.24
“The concentration here refers to the concentration of proteins.
200+ 1.5 2.0
A R2=0.96 B R2=0.94 C R2=0.95
= 150 1.5
J . 5 107 -y
E 100 e ;3 ;3 1.0-
st E o5 E
- 50 o 0.5
* Lp(a) ApoA1 ApoB
0 T T T T 1 0.0 T T T 1 0.0 T T T T 1
0 50 100 150 200 250 0.0 0.5 1.0 15 2.0 0.0 0.5 1.0 1.5 2.0 25

LC-MS/MS (nmoliL)

LC-MS/MS (g/L)

LC-MS/MS (g/L)

Fig. 4 Comparison of the quantitative LC-MRM/MS method and immunity transmission turbidity assays. The protein concentration correlation from
45 volunteers was determined by the LC-MRM/MS method with the immunity transmission turbidity assay for (A) ApoAl, (B) ApoB, and (C) Lp(a) in

human plasma.

3.5. Immunoassay & LC-MRM/MS

Clinically, only three apolipoproteins including ApoA1, ApoB,
and Lp(a) could be quantified by the immunity transmission
turbidity method with commercial kits in the Department of
Clinical Laboratory. Here the comparative measurement was
conducted between the commercial human kits and the mass
spectrometry platform. A total of 45 volunteers were recruited
with an average age of 57.6 + 14.7 years. The basic demo-
graphic characteristics and distribution of each apolipoprotein
and Lp(a) concentration are listed in ESI Table S4. Among all
peptides, ApoAl exhibited the highest concentration, while Lp
(a) showed the lowest. The excellent correlation between the
immunity transmission turbidity method and LC-MS/MS
quantification was observed from plasma ApoAl, ApoB, and
Lp(a) peptides with R®> values ranging from 0.94 to 0.96
(Fig. 4), which implied the robust applicability of our method
to human plasma samples in future works.

3.6. Deficiency and improvement

Here we established a method for simultaneous quantification
of apolipoproteins and Lp(a). However, this method possesses

3452 | Analyst, 2024, 149, 3444-3455

certain deficiencies or limitations for future study. There are
still some apolipoproteins that could not be included in this
panel. For example, the subtypes of ApoB, namely ApoB100
and ApoB48, could not be quantified precisely. The ApoB/
ApoA-I ratio has been significantly associated with cardio-
vascular disease risk factors in previous works® and ApoB100/
ApoB48 serves as indicators for understanding the endogenous
remnants produced in the liver after fat intake.*” Despite our
efforts to quantify ApoB48 (LSQLQTYMI, ESI Table S17) simul-
taneously in our panel, we encountered challenges in quantify-
ing it in human plasma, despite the good linearity of ApoB48
in standards. This limitation may come from the fact that the
proportion of ApoB48 constitutes only 0.1% of the total B apo-
lipoprotein, necessitating further enrichment processes before
measurement.

4. Conclusion

In this study, we simultaneously examined a variety of 14
cardiovascular-related lipoproteins in just 5 pL of human

This journal is © The Royal Society of Chemistry 2024
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plasma. This innovative method not only enables a more indi-
vidualized assessment of cardiovascular disease risk, but also
facilitates the accelerated application of apolipoprotein
measurement in clinical laboratories in addition to choosing
the Lp(a) and the ApoB/ApoA-I ratio only. Our works provide a
novel and robust tool for monitoring lipid profiling including
apolipoproteins and Lp(a), particularly in patients with
dyslipidemia.
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