
Citation: Yin, J.; Niu, J.; Huo, J.; Sun,

J.; Huang, J.; Sun, C. Construction

and Evaluation of a Novel MAP

Immunoassay for 9

Nutrition-and-Health-Related

Protein Markers Based on Multiplex

Liquid Protein Chip Technique.

Nutrients 2023, 15, 1522. https://

doi.org/10.3390/nu15061522

Academic Editor: Lutz Schomburg

Received: 30 November 2022

Revised: 17 March 2023

Accepted: 17 March 2023

Published: 21 March 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

nutrients

Article

Construction and Evaluation of a Novel MAP Immunoassay for
9 Nutrition-and-Health-Related Protein Markers Based on
Multiplex Liquid Protein Chip Technique
Jiyong Yin, Jiangping Niu, Junsheng Huo * , Jing Sun, Jian Huang and Chaoqun Sun

Key Laboratory of Trace Element Nutrition of National Health Commission of the People’s Republic of China,
National Institute for Nutrition and Health, Chinese Center for Disease Control and Prevention,
Beijing 100050, China; yinjy@ninh.chinacdc.cn (J.Y.)
* Correspondence: huojs@ninh.chinacdc.cn; Tel.: +86-010-6623-7255; Fax: +86-010-8313-2317

Abstract: We attempted to construct and evaluate a novel detection method to realize simultaneous
detection based on a multiplex liquid protein chip technique for nine nutrition-and-health-related
protein markers to meet the requirement of an accurate, simultaneous and comprehensive analysis of
the proteomics of nutrition and health. The lower limits of detection, biological limits of detection and
regression equations of serum ferritin (SF), soluble transferrin receptor (sTfR), c-reactive protein (CRP),
retinol-binding protein4 (RBP4), apolipoprotein B (ApoB), alpha-fetoprotein (AFP), prealbumin (PA),
carcino-embryonic antigen (CEA) and D-Dimmer (D-D) were determined after a series of optimal
experiments. Then, the results of the methodological evaluation for this novel method indicated that
the accuracies were between 70.12% and 127.07%, the within-run precisions were between 0.85%
and 7.31%, the between-run precisions were between 3.53% and 19.07%, the correlation coefficients
between this method and other methods were above 0.504 (p < 0.05), and the direct bilirubin (DBIL)
of low concentration and the indirect bilirubin (IBIL) of high concentration could not interfere with
the detected results of nine indicators. The novel multiplex detection method, which can increase
accuracy and improve the ability of comprehensive analysis, can basically meet the requirement of
detection and the diagnosis of the proteomics of nutrition and health.

Keywords: liquid protein chip; nutrition and health; protein marker; multiplex detection

1. Introduction

The detections of protein markers of nutrition and health are necessary when eval-
uating the statuses of nutrition and health [1,2], which mainly involve the statuses of
protein, vitamin, mineral element, hyperlipidemia, tumor and so on. With the developing
immunologically detective technique, the detection of the protein marker has been applied
to more and more research on nutrition and health.

The statuses of the protein, Vitamin A, and iron, as well as cardiovascular, cerebrovas-
cular disease and carcinoma, are five main fields of nutrition and health in China [3],
which mainly involve nine protein markers, including pre-albumin (PA), retinol-binding
protein 4 (RBP4), serum ferritin (SF), soluble transferrin receptor (sTfR), C-reactive protein
(CRP), apolipoprotein B (Apo B), D-Dimer (D-D), alpha-fetoprotein (AFP) and carcinoma
embryonic antigen (CEA). Therefore, the detections for the above nine protein markers are
the technical basis for researching nutrition and health, especially for nutrition-and-health
proteomics.

At present, immunological methods are mainstream ways of detecting the above nine
protein markers, which mainly include electro-chemiluminescence immunoassay (ECLIA),
radioimmunoassay (RIA), immune turbidimetry, and the enzyme-linked immunosorbent
assay (ELISA). They have once appeared with a favorable performance in the previous
study at a certain degree, while all of them could not realize multiplex and simultaneous
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detection for the above nine protein markers. So, the detection efficiency and system error
of these conventional methods could not meet the requirements of nutrition-and-health
proteomics on a more accurate and panoramic analysis for the above five main fields.

The protein chip technique is an important detection means that is often used to
support the data analysis of proteomics, and it is one kind of multiplex and quantitative de-
tection technique which could realize the simultaneous detection of multi-protein markers
using the same one detection. According to the different detection conditions, the protein
chip includes a solid chip and a liquid chip. The basic detection principle of the protein
chip is the known different protein molecules (such as an enzyme, antigen, antibody, ligand
and cell factor) are, respectively, which are fixed on the surface of the carrier (solid surface
or microsphere) of the protein chip after the carrier is processed as a special chemical
method. Then, these protein molecules capture the corresponding target proteins (protein
markers) in serum, plasma, lymph, urine and secretion according to the immunological
characteristics of these known protein molecules. After that, the quantitative results of
these protein markers are used to conduct proteomics analysis. Until now, the protein chip
technique has been widely used in many fields of clinical detection, such as the screening of
gene expression, the detection of a specific antigen or antibody, the study of the interaction
between different proteins, and the research for new medicine [4]. More and more research
has verified that the protein chip technique can contribute to research in the proteomics of
the clinical field.

Our team constructed multiplex detection methods for protein markers by using solid
protein chips in two aspects of the nutritional field. These two explorations aimed to
identify the simultaneous detection of SF and sTfR in the serum [5] and the simultaneous
detection of β-lactoglobulin and lactoferrin in bovine milk [6]. These results verified
that the solid protein chip could be used in multiplex detection for protein markers of
nutrition at a certain level but also showed the limitation of this at the technique level,
which mainly involved the insufficiently mixed homogeneous phase of a solid chip, which
could directly impede the realization of multiplex detection when the indicators were larger
than four indicators. This limitation could further lead to the poor accuracy and precision
of simultaneous detection. The reason for causing an insufficiently mixed homogeneous
phase is that the fixed capture protein molecule on the surface of the solid chip could not
fully react with the corresponding protein marker in a static system.

The liquid protein chip is a new-generation biochip and a new type of research plat-
form for protein markers, which can provide technical support for multi-analyte profiling
(MAP) immunoassay. In the late 1990s, scientists invented MAP technology, which was a
major advance in multiplexed biological assays. This technology drew from the strengths
of solid-phase separation technology without the typical limitations of solid-phase reaction
kinetics. By combining advanced fluidics, optics, solid chip, and digital signal processing
with proprietary microsphere technology, MAP technology enabled a high degree of multi-
plexing within a single sample volume [7], which could be applied in both proteomics [8]
and genomics [9]. As an important branch, the liquid protein chip can realize capture
sandwich immunoassay [10], competitive immunoassay [11], indirect immunoassay [12,13],
and the combination of capture sandwich and competitive immunoassay. The capture
sandwich immunoassay, the main immunoassay of the liquid protein chip, uses a covalent
bond that was produced by a carboxyl ammonia reaction to joining with the capture protein
molecule on the surface of microbeads (microspheres). The protein molecules that join
with microbeads can sufficiently contact the corresponding target protein in serum or
other liquid to constitute a dynamically mixed homogeneous phase through the use of a
horizontal oscillator. Therefore, the liquid protein chip can overcome the limitation of the in-
sufficiently mixed homogeneous phase of a solid protein chip and, thus, can possess higher
sensitivity and accuracy and realize the accurate and simultaneous multiplex detection of
multiple protein markers [14]. The multiplex detection of liquid protein technique, which
has a relatively low systemic error, low cost, and flexible assembly among different protein
markers, can promote the wide application of that which, in the proteomic analysis of many
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fields, includes the exploration of tumor markers [15], the early diagnosis of Alzheimer’s
disease [16], the analysis of virus [17], and other similar research [18–20].

Whether the liquid protein chip technique can be used in the detections of the above
nine protein markers of nutrition and health to provide a more accurate and comprehensive
analysis for proteomics of nutrition and health remains to be seen. The current references
do not indicate that any research has attempted to construct a similar method that can
simultaneously detect the above nine proteins until now.

Depending on the above analysis and hypothesis, our team adopted the timely liquid
protein chip technique to construct a new multiplex detection method for nine protein
markers of nutrition and health so as to overcome the limitation of the solid protein
chip and to further increase the detective throughput of protein markers in nutrition and
health proteomics.

According to our research, we attempted to introduce the construction and evaluation
of a novel MAP capture sandwich immunoassay for nine nutrition-and-health-related
protein markers based on the liquid protein chip technique in this article, which could
provide better technique supports and more comprehensive data for the analysis of the
proteomics of nutrition and health in the future. This attempt is a meaningful exploration
of the liquid protein chip technique in nutrition and health. Further, we also hope that the
nutrition-and-health proteomics based on this constructed method can play more roles in
the monitoring and intervention of nutrition and health of large-scale crowds in the future.

2. Materials and Methods
2.1. Materials and Reagents

All the reagents of this research can be searched from Table 1.

Table 1. Reagents used in this research.

The Kind of Reagent The Name of Product The Code of Product Company (City, State, Country)

Basic reagents
Phosphate buffer (PBS) KG018279 Jiangsu KeyGEN BioTECH Co., Ltd.

(Nanjing, China)
SAPE S866 Thermo fisher Co., Ltd. (Waltham, MA, USA)

Bovine serum albumin (BSA) WXBC7961V Sigma Co., Ltd. (St. Louis, MO, USA)
Coupling reagent ProteOn Amine Coupling kit 1762410 Bio-Rad Laboratories, Inc. (Berkeley, CA, USA)

Bio-Plex Amine Coupling kit 171-406001 Bio-Rad Laboratories, Inc. (Berkeley, CA, USA)

Antigen standards, capture
antibodies and detection

antibodies

SF antigen standard 30-AF15 Fitzgerald Industries International, Inc.
(Acton, MA, USA)

SF capture antibody MAB4062 R&D Inc. (Minneapolis, MN, USA)
SF detection antibody NB110-8384B Novus Biologicals, Inc. (Centennial, CO, USA)
sTfR antigen standard 05-52172 ARP, Inc. (Waltham, MA, USA)
sTfR capture antibody ab10249 Abcam, Inc. (Cambridge, UK)
sTfR detection antiboty NB100-73092B Novus Biologicals, Inc. (Centennial, CO, USA)

C-reaction protein standard 30-AC05AF Fitzgerald Industries International, Inc.
(Acton, MA, USA)

C-reaction capture antibody MAB17071 R&D Inc. (Minneapolis, MN, USA)
C-reaction detection antibody BAM17072 R&D Inc. (Minneapolis, MN, USA)

RBP4 antigen standard 30-1358 Fitzgerald Industries International, Inc.
(Acton, MA, USA)

RBP4 capture antibody MAB33781 R&D Inc. (Minneapolis, MN, USA)
RBP4 detection antibody BAM33782 R&D Inc. (Minneapolis, MN, USA)
Apo B antigen standard SRP6302-500UG Sigma Co., Ltd. (St. Louis, MO, USA)
Apo B capture antibody A2299-38D USbiological Inc. (Salem, MA, USA)

Apo B detection antibody A2299-38E USbiological Inc. (Salem, MA, USA)

PA antigen standard 30R-AP014 Fitzgerald Industries International, Inc.
(Acton, MA, USA)

PA capture antibody MAB7505 R&D Inc. (Minneapolis, MN, USA)
PA detection antibody NBP2-90050B Novus Biologicals, Inc. (Centennial, CO, USA)

AFP antigen standard PRO-406 ProSpec-Tany TechnoGene Ltd.
(Ness-Ziona, Israel)

AFP capture antibody NB110-7961 Novus Biologicals, Inc. (Centennial, CO, USA)
AFP detection antibody NB120-10072B Novus Biologicals, Inc. (Centennial, CO, USA)

CEA antigen standard 30C-CP1001 Fitzgerald Industries International, Inc.
(Acton, MA, USA)

CEA capture antibody 10-C10F Fitzgerald Industries International, Inc.
(Acton, MA, USA)

CEA detection antibody orb14352 Biorbyt, Inc. (Cambridge, UK)
D-D antigen standard D9321 Sigma Co., Ltd. (St. Louis, MO, USA)
D-D capture antibody NB110-8376 Novus Biologicals, Inc. (Centennial, CO, USA)

D-D detection antibody NB100-73038B Novus Biologicals, Inc. (Centennial, CO, USA)
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Table 1. Cont.

The Kind of Reagent The Name of Product The Code of Product Company (City, State, Country)

Interference reagents

Direct bilirubin 14370-250MG Sigma Co., Ltd. (St. Louis, MO, USA)
Indirect bilirubin F1618-B FANKE WEI, Inc. (Shanghai, China)

Hemoglobin H7379 Sigma Co., Ltd. (St. Louis, MO, USA)
Triglyceride G107438-5g Aladdin, Inc. (Shanghai, China)

Comparison Kits

SF immunoturbidimetry kit FE7002 Beijing Leadman, Inc. (Beijing, China)
sTfR ELISA kit SEKH-0330 Beijing Solarbio life science, Inc. (Beijing, China)

C-reaction protein ELISA kit SEKH-0138 Beijing Solarbio life science, Inc. (Beijing, China)
Apo B ELISA kit SEKH-0515 Beijing Solarbio life science, Inc. (Beijing, China)

PA ELISA kit EK1684 Wuhan Boster Biological Technology, Ltd.
(Wuhan, China)

RBP4 immunoturbidimetry kit RB7001 Beijing Leadman, Inc. (Beijing, China)
D-D immunoturbidimetry kit DD7680 Beijing Leadman, Inc. (Beijing, China)

AFP ECLIA kit 4481798190 Roche diagnostic product, Inc. (Shanghai, China)
CEA ECLIA kit 11731629322 Roche diagnostic product, Inc. (Shanghai, China)

2.2. Main Instruments and Equipment

MILLIPLEX Multiplexing Assays (Merck & Co., Inc., Darmstadt, Germany); Millipore-
Q Academic (Merck & Co., Inc., Darmstadt, Germany); Allegra x-22R Centrifuge (Beckman
coulter, Inc., Brea, CA, USA); SpectraMax I3X Enzyme marker (Molecular Devices In-
struments Ltd., San Jose, CA, USA); Desk centrifuge 5418 (Eppendorf, Inc., Hamburg,
Germany); Vortex mixing device ORTEx Genius (IKA, Inc., Staufen, Germany); Digital
ultrasonic cleaner (Kunshan Ultrasonic Instruments Co., Ltd., Kunshan, China); Bio-Plex
Handheld Magnetic Washer (Bio-Rad Laboratories, Inc., Berkeley, CA, USA); Oscillator
(Thermo Scientific, Co., Ltd., Waltham, MA, USA); Magnetic Shelf DvnaMag-2 (Thermo Sci-
entific, Co., Ltd., Waltham, MA, USA); Biochemical incubator SPX-150B (Shanghai Pudong
Rongfeng Scientific Instrument Ltd., Shanghai, China); 7600 Series Automatic Analyzer
(HITACH Diagnostic Product Shanghai Ltd., Shanghai, China); Roche E601 Immunolumi-
nescence instrument (Roche, Inc., Basel, Switzerland).

2.3. Serum Samples

The serum samples were obtained from the UNICEF project “Observation on the YYB
intervention on health, cognition and behavior”. All guardians agreed with the content of
informed consent from the National Institute for Nutrition and Health (NINH) and Chinese
Center for Disease Prevention and Control, and the number of NINH ethic committee was
(NO. 2018-20). All serum samples were frozen at −80 ◦C before they were detected.

2.4. The Basic Operation Procedure of Liquid Protein Chip

The basic operation procedures of the coupling of the microsphere and the capture of
antibodies include the activation of the microsphere with a ProteOn Amine Coupling kit,
carbodiimide coupling for antibodies with a Bio-Plex Amine Coupling kit, blocking with
a Bio-Plex Amine Coupling kit, and storage with a Bio-Plex Amine Coupling kit. All of
these operations were implemented according to the introductions of the ProteOn Amine
Coupling kit and Bio-Plex Amine Coupling kit. Additionally, the coupled microspheres
with different kinds of capture antibodies were stored at 4 ◦C.

The basic operation procedures where the antigen combines with a capture antibody
include the addition of the coupled microspheres in each well of 96 well bottom plates
(3000 microspheres in each well), the rinse of microspheres (100 µL wash buffer, 3 times), the
addition of antigens (standard substance or serum) to each well, and horizontal oscillation
with 700 rpm (1 h) after 1100 rpm (30 s) (Room temperature and avoid light).

The basic operation procedures where the antigen combines with the detection an-
tibody with biotin include the rinsing of microspheres (100 µL wash buffer, 3 times), the
addition of a detection antibody with biotin into each well, and a horizontal oscillation
with 700 rpm (30 min) after 1100 rpm (30 s) (at room temperature and avoid light). The
basic operation procedures for the detection of the antibody combined with SAPE include
the rinsing of microspheres (100 µL wash buffer, 3 times), the addition of 50 µL SAPE in
each well, and horizontal oscillation with 700 rpm (15 m) after 1100 rpm (30 s) (at room
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temperature and avoid light). Additionally, then, microspheres were re-suspended under
the condition of 700 rpm at 15–20 min after 1100 rpm (30 s) (at room temperature and
avoid light).

Finally, 9 kinds of antigens that, respectively, combined with the corresponding micro-
sphere can simultaneously be detected, and their signal values could be simultaneously
obtained under 532 nm and 635 nm through MILLIPLEX Multiplexing Assays. Figure 1
displays the basic operation procedure.
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2.5. Optimization of the Combinations of Capture Antibody Concentrations and Detection
Antibody Titers of Each Protein Marker

The chessboard titration analysis was adopted to optimize the appropriate concen-
tration of the capture antibody and the titer of the detection antibody of each protein
marker. In this method, the optimal concentration of the capture antibody for each
protein marker was determined from 3 alternative concentrations (SF, sTfR, CRP, RBP4,
AFP and PA: 13.3 µg/mL, 26.6 µg/mL, 53.3 µg/mL, ApoB, CEA and D-D: 26.6 µg/mL,
53.3 µg/mL, 80 µg/mL) according to the pre-experiment of each capture antibody, and
the optimal titer of the detection antibody of each protein marker was determined from
3 alternative titers (SF and PA:1:50, 1:100, 1:200, sTfR, AFP, CEA and D-D:1:100, 1:200,
1:400, CRP and RBP4: 1:250, 1:500, 1:1000, ApoB: 1:200, 1:400, 1:800) according to the
suggestion of the manufacturer for each detection antibody, and the concentrations of
each protein marker included high and low concentrations (SF: 26.00 ng/mL, 2.60 ng/mL,
sTfR: 333.33 ng/mL, 10.00 ng/mL, CRP: 800.00 ng/mL, 0.05 ng/mL, RBP4: 14.50 µg/mL,
1.00 µg/mL, ApoB: 125.00 µg/mL, 250.00 ng/mL, AFP: 15.20 µg/mL, 1.52 ng/mL, PA:
50.00 µg/mL, 2.00 ng/mL, CEA: 940.00 pg/mL, 235.00 pg/mL, D-D: 80.00 ng/mL,
4.00 ng/mL) according to the normal range and pre-experiment of each protein marker,
and 1% BSA was used as a blank control for each protein marker. The specific operation
refers to Section 2.4.

The optimal combination of the capture antibody concentration and detection antibody
titer was determined when both the highest signal value and lowest background value
simultaneously met under this combination, and the distance value between the high and
low concentration of the protein marker was the biggest at this time.
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2.6. The Verification of Specific Binding Ability between Antigen and Antibody

The cross-reaction experiment was adopted to verify the specific binding ability be-
tween the antigen and antibody [5,6]. The concentration of the capture antibody and
the titer of the detection antibody for each protein marker depended on the optimal re-
sults of Section 2.5. [The capture antibodies of SF, sTfR, RBP4, and AFP were adopted
at 53.3 µg/mL, those of CRP and PA adopted at 26.6 µg/mL, and those of ApoB, CEA
and D-D were adopted at 80 µg/mL. At the same time, the detection antibodies SF and
AFP were adopted 1:100, those of PA, CEA and D-D was adopted 1:200 and those of sTfR
and ApoB were adopted 1:400, and those of CRP and RBP4 were adopted 1:1000, respec-
tively. In addition, the concentrations of nine protein markers were SF (26.00 ng/mL),
sTfR (333.33 ng/mL), CRP (0.40 µg/mL), RBP4 (10.00 µg/mL), ApoB (25.00 µg/mL), AFP
(3.80 µg/mL), PA (50.00 µg/mL), CEA (1.87 ng/mL), and D-D (0.16 µg/mL), respectively].
The blank control used 1% BSA. The specific operation refers to Section 2.4.

There is a specific binding ability between the antigen and antibody if the detection
result is significantly bigger than that of the blank control (p < 0.05). There is a cross-reaction
between one antigen and another antibody (for example, SF and the antibody of sTfR) if
the cross-reaction rate of them is larger or equal to 20% of that between this antigen and
the antibody itself (for example, SF and the antibody of SF). The cross-reaction rate can be
calculated using Formula (1):

CRR (%) = (Cc − C0) × 100 / (Cp − Cb) (1)

CRR: cross reaction rate,
Cc: reaction value of cross reaction between an antigen and other antibody,
C0: blank value of cross reaction between an antigen and other antibody,
Cp: reaction value of an antigen and its own antibody,
Cb: blank value of an antigen and its own antibody

2.7. Determinations of Lower Limit of Detection and Biologic Limit of Detection

The design of this experiment refers to reference (Sensitivity for Analysis) [21], and
the mixed antigen standard of 9 protein markers was diluted 8 times using serial 2 multiple
dilutions within the range of a low concentration, which meant that the mixed antigen
standard included SF, sTfR, CRP, RBP4, ApoB, AFP, PA, CEA, and D-D was diluted from the
high point (1.63 ng/mL, 0.33 ng/mL, 3.13 ng/mL, 7.08 ng/mL, 30.50 ng/mL, 1.48 ng/mL,
12.21 ng/mL, 1.88 ng/mL, 2.50 ng/mL) to a low point (6.30 pg/mL, 1.30 pg/mL,
12.20 pg/mL, 27.70 pg/mL, 119.20 pg/mL, 6.00 pg/mL, 47.70 pg/mL, 7.30 pg/mL,
9.80 pg/mL). The concentration of the capture antibody and the titer of the detection
antibody for each protein marker depended on the optimal results of Section 2.5. (The
capture antibodies of SF, sTfR, RBP4 and AFP adopted 53.3 µg/mL, and those of CRP and
PA adopted 26.6 µg/mL, and those of ApoB, CEA and D-D adopted 80 µg/mL. At the
same time, the detection antibodies of SF and AFP adopted 1:100, those of PA, CEA and
D-D adopted 1:200, those of sTfR and ApoB adopted 1:400, and those of CRP and RBP4
adopted 1:1000), respectively. The blank control used 1% BSA. The specific operation refers
to Section 2.4.

The corresponding concentration value of the twofold standard deviation (2SD) of the
signal value of a blank well is the Lower Limit of Detection (LLD), and the concentration
value is the Biologic Limit of Detection (BLD) when it is just larger than LLD after it
subtracts 2SD.

2.8. The Establishments of S-Curves and the Determination of Regression Equation

The mixed standard substance of 9 protein markers was successively diluted 20 times
using serial 2 multiple dilutions, which meant that the mixed standard substance that
included SF, sTfR, CRP, RBP4, ApoB, AFP, PA, CEA and D-D was successively diluted from
a high mixed point (6.66 µg/mL, 1.33 µg/mL, 12.8 µg/mL, 29.00 µg/mL, 125.00 µg/mL,
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6.08 µg/mL, 50.00 µg/mL, 7.70 µg/mL and 10.24 µg/mL) to a low mixed point (6.30 pg/mL,
1.30 pg/mL, 12.20 pg/mL, 27.70 pg/mL, 119.20 pg/mL, 6.00 pg/mL, 47.70 pg/mL,
7.30 pg/mL and 9.80 pg/mL). The concentration of the capture antibody and the titer
of the detection antibody for each protein marker depended on the optimal results of
Section 2.5. The blank well used 1% BSA. The specific operation refers to Section 2.4.

The concentration and the signal value of each protein marker in the mixed system
appeared on the X-axis and Y-axis, respectively, and then, the S-curve of each protein
marker could be drawn according to the relationship between the concentration and
signal value.

After that, the 6 standard points of each protein marker in the mixed system were
determined according to the range of the straight linear of the corresponding S-curve of
each protein marker. Then, the mixed standard substance of SF, sTfR, CRP, RBP4, ApoB,
AFP, PA, CEA and D-D was successively diluted from high mixed point (26.00 ng/mL,
333.33 ng/mL, 50.60 ng/mL, 1812.50 ng/mL, 3906.30 ng/mL, 1.48 ng/mL, 12,500.00 ng/mL,
1.88 ng/mL and 320.00 ng/mL) to low mixed point (0.20 ng/mL, 2.60 ng/mL, 0.78 ng/mL,
28.32 ng/mL, 30.52 ng/mL, 0.01 ng/mL, 97.66 ng/mL, 0.01 ng/mL and 2.50 ng/mL) as
doubling dilution. At last, 9 standard regression equations for the 9 protein markers of the
mixed system were simultaneously established depending on the above 6 standard points
of each protein marker.

The determination coefficient of each regression equation should be bigger than 0.95
at least.

2.9. Methodological Evaluation and Verification: Accuracy

The adding standard recovery was used to evaluate accuracy according to the “Guid-
ance on the Verification of Quantitative Measurement Procedures used in the Clinical
Chemistry (CNAS-GL037, 2019), abbreviation is Guidance”. Two random serums were
diluted, respectively at 1:40 (serum I) and 1:100 (serum II), and the mixed antigen standard
(SF: 50.05 ng/mL, sTfR: 529.10 ng/mL, CRP: 90.18 ng/mL, RBP4: 1652.42 ng/mL, ApoB:
14,245.01 ng/mL, AFP: 2.16 ng/mL, PA: 21,164.02 ng/mL, CEA: 1.80 ng/mL and D-D:
450.87 ng/mL) was added, respectively, into serum I and serum II as the 4% of basic serum
volume (50 µL) and 5% of basic serum volume (50 µL). The standard curve of each protein
marker refers to Section 2.8. The blank well used 1% BSA. The specific operation refers to
Section 2.4.

The adding standard recovery rate was calculated through Formula (2).

R =
C × (V0 + V)−C0 × V0

V × Cs
× 100% (2)

R: adding standard recovery, V: the volume after standard was added in basic serum,
V0: the volume of basic serum, C: the detected concentration after standard was added
in basic serum, C0: the detected concentration of basic serum, Cs: the concentration of
standard of each protein marker.

The 100.0% ± 30.0 is an appropriate accuracy range for adding a standard recovery of
each protein marker of the mixed system [5].

2.10. Methodological Evaluation and Verification: Precision

The precision evaluation included within-run precision and between-run precision.
The operations refer to “Guidance”. Two random serums were diluted after at 1:60 and
were, respectively, detected with 10 replicates in one day in order to conduct the analysis
of within-run precision for this novel method. Another two random serums, which were
used to perform a between-run precision, were stored at −20 ◦C after they were, respec-
tively, divided into 6 aliquot tubes, and freeze–thaw cycles should be avoided. The whole
experiment period of between-run precision was 6 days, and 2 serums for each day were,
respectively, diluted at 1:60, and they were, respectively, detected with 3 replicates. The
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standard curve of each protein marker refers to Section 2.8. The blank well used 1% BSA.
The specific operation refers to Section 2.4.

The coefficient of variation (CV) in of the detection results of each protein marker
was adopted to evaluate the precision of this method. The within-run precision and the
between-run precision of this method should be, respectively less than 10% and 20%.

2.11. Methodological Evaluation and Verification: Comparison with Reference Method

The operation refers to “Guidance”. A total of 16 random serum samples were,
respectively, aliquot into 10 groups, and one group was used to detect 9 protein markers
simultaneously through one detection using the liquid protein chip, and four groups were
used to detect sTfR, CRP, ApoB and PA, respectively, in four separate experiments through
the use of the ELISA method, and 3 groups were used to detect respectively SF, RBP4 and
D-D, respectively, in 3 separate experiments using the immunoturbidimetry method, and
2 groups were used to detect AFP and CEA, respectively, in 2 separate experiment using
the ECLIA method.

The 16 serum samples, which were used to detect 9 protein markers simultaneously in
one detection using the liquid protein chip, were detected after they were diluted at 1:60,
and the standard curve of each protein marker refers to Section 2.8. The blank well used 1%
BSA. The specific operation is referred to in Section 2.4. The detections of the serums for
the other 9 groups, which were detected by using other three detection methods, referred,
respectively, to the specification of the detection kit of each protein marker.

For 9 protein markers of the same 16 serum samples, the detected results using a liquid
protein chip were compared, respectively, with that of using a separate detection method.
The result of the correlation analysis between two different methods should be significant
(p < 0.05), while the result of the pair comparison between two different methods should
not be significant (p > 0.05).

2.12. Methodological Evaluation and Verification: Analytical Specificity

The operation refers to “Guidance”. Direct bilirubin (DBIL), indirect bilirubin (IBIL),
hemoglobin (Hb) and triglycerides (TG) were adopted to judge whether the detection
results of the liquid protein chip could be interfered by jaundice, hemolysis and lipoidemia.

Two random serum samples were aliquoted into 9 groups after they were diluted
as 1:60. The 2 diluted serum samples of the first group (control group) were used to
directly detect the concentrations of 9 protein markers, and those of the second and third
group (jaundice I group) were used to detect the concentrations of 9 protein markers
after they were added, respectively, into high and low concentration DBIL (28.00 mmol/L,
5.70 µmol/L). Those of the fourth and fifth groups (jaundice II group) were used to detect
the concentrations of 9 protein markers after they were added, respectively, into high-
and low-concentration IBIL (53.00 mmol/L, 0.48 µmol/L). Those of the sixth and seventh
groups (hemolysis group) were used to detect respectively the concentrations of 9 protein
markers after they added interfered, respectively, into high and low concentration Hb
(160.00 g/L, 71.11 g/L), and those of the eighth and ninth group (lipoidemia group) were
used to detect, respectively, the concentrations of 9 protein markers after they were added,
respectively, into high and low concentration TG (616.67 µmol/L, 33.33 µmol/L). The
dilution of 1% BSA was used, and each case was repeated 3 times. The standard curve
of each protein marker refers to Section 2.8. The blank well used 1% BSA. The specific
operation refers to Section 2.4.

The mean values for the concentration of the control group and other groups were
analyzed, respectively, and the difference value between each experiment group and control
group were further calculated. Additionally, the interference rate was calculated by relative
bias as Formula (3).

I = D × 100 / C (3)

I: interference rate, D: the difference value of mean values between each experiment
group and control group, C: the mean value of control group
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The intervention would affect the analytical specificity of liquid protein chip if the
interference rate was larger than or equal to 20%.

2.13. Statistical Analysis

SPSS19.0 (IBM, Armonk, NY, USA) was used for statistical analysis. In the research,
at least three replicated tests were performed in the liquid protein chip. All the data
were presented as the means ± standard deviation (SD). The least square method was
used to construct the regression equation, and the paired t-test or Wilcoxon matching pair
symbol rank sum test and the correlation analysis were adopted, respectively, to conduct a
comparison with the reference method, and the correlation coefficient was analyzed by a
t-test (p < 0.05). Statistical graphs were produced with Microsoft Excel 2010 (Mircosoft Inc.,
Redmond, WA, USA).

3. Results
3.1. Optimization of the Combination of the Capture Antibody Concentration and the Detection
Antibody Titer of Each Protein Marker

The result of the optimal combination of the capture antibody concentration and the
detection antibody titer for each protein marker indicated that the optimal concentration of
the capture antibody and the optimal titer of the detection antibody of SF were 53.3 µg/mL
and 1:100, those of sTfR were 53.3 µg/mL and 1:400, those of CRP were 26.6 µg/mL and
1:1000, those of RBP4 were 53.3 µg/mL and 1:1000, those of ApoB were 80.0 µg/mL and
1:400, those of AFP was 53.3 µg/mL and 1:100, those of PA were 26.6 µg/mL and 1:200,
those of CEA was 80.0 µg/mL and 1:200, and those of D-D were 80.0 µg/mL and 1:200,
respectively.

The detection conditions of the subsequent experiment depended on the parameters
of the above optimal combination.

3.2. The Verification of Specific Binding Ability between Antigen and Antibody

The cross-reaction rates of each protein marker and different antibodies appear in
Tables 2 and 3. The results indicate that the range of the cross-reaction rates of each protein
marker and non-detection antibody was 0.00–4.05%, and that of each protein marker
and non-capture antibody was 0.00–9.96%. The results of cross-reaction could meet the
requirement that performs the multiplex and simultaneous detection for nine protein
markers using the liquid protein chip.

Table 2. The cross-reaction rates of 9 protein markers with each detection antibody (%).

Antigen
Detection Antibody

SF-D sTfR-D CRP-D RBP4-D ApoB-D AFP-D PA-D CEA-D D-D-D

SF 100.00 −0.18 0.01 1.22 −0.11 −0.04 −0.25 −7.27 0.00
sTfR −4.87 100.00 0.00 1.61 −0.14 −0.04 0.04 0.17 −0.10
CRP −0.59 0.09 100.00 −0.66 0.03 1.09 0.00 −0.99 0.00
RBP4 −1.16 0.18 0.07 100.00 0.06 0.00 0.02 −0.25 0.00
ApoB −2.59 −0.22 −0.03 0.28 100.00 0.31 0.08 4.05 0.20
AFP 0.19 −0.02 0.01 −0.07 0.00 100.00 −0.02 −0.33 0.00
PA 0.74 0.00 −0.04 0.13 −0.09 −0.03 100.00 0.74 0.03

CEA −1.99 0.02 0.00 −0.02 0.00 0.05 −0.08 100.00 −0.39
D-D 1.09 0.02 0.00 0.00 0.00 0.67 0.00 −0.08 100.00
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Table 3. The cross-reaction rates of 9 protein markers with each capture antibody (%).

Antigen
Capture Antibody

C-SF C-sTfR C-CRP C-RBP4 C-ApoB C-AFP C-PA C-CEA C-D-D

SF 100.00 −14.39 −0.48 −5.35 0.18 −0.15 0.24 −1.40 −1.41
sTfR 0.00 100.00 0.15 0.52 0.37 0.06 0.15 1.74 2.02
CRP 0.00 −0.13 100.00 0.21 0.00 0.00 0.02 0.00 0.00
RBP4 0.04 0.02 0.09 100.00 0.21 0.06 0.04 0.08 0.10
ApoB 4.99 9.96 1.02 4.78 100.00 3.32 7.36 2.07 2.52
AFP 0.08 0.09 0.40 0.49 −0.31 100.00 0.89 0.33 0.20
PA 0.04 0.00 0.06 5.17 0.11 0.04 100.00 0.08 0.20

CEA 0.17 0.00 0.00 0.00 −0.08 −0.02 0.00 100.00 4.30
D-D 0.00 0.00 0.01 0.02 0.47 0.03 0.09 0.00 100.00

3.3. Determinations of Lower Limit of Detection and Biologic Limit of Detection

The LLD and BLD of each protein marker are shown in Table 4, and the LLD range of
that liquid protein chip and simultaneously detected nine protein markers was between
0.90 and 214.20 pg/mL, and the BLD range of that was between 2.55 and 1900.00 pg/mL.

Table 4. The LLDs and BDLs of liquid protein chip for 9 protein markers (pg/mL).

Limit of Detection SF sTfR CRP RBP4 ApoB AFP PA CEA D-D

LLD 12.70 1.00 0.90 45.20 134.10 5.40 21.70 6.20 214.20
BLD 25.40 2.55 12.20 55.30 1900.00 12.50 47.70 7.30 312.50

3.4. The Establishments of S-Curves and the Determination of Regression Equation

The S-curves of nine protein markers, which were simultaneously detected by using the
liquid protein chip in the same detection, displayed in Figure 2, and the linear ranges of the
nine protein markers were, respectively, SF (0.20~26.00 ng/mL), sTfR (2.60~333.30 ng/mL),
CRP (0.40~50.00 ng/mL), RBP4 (7.08~1812.50 ng/mL), ApoB (30.50~3906.25 ng/mL),
AFP (0.01~1.48 ng/mL), PA (0.10~13.80 µg/mL), CEA (0.01~1.88 ng/mL) and D-D
(2.50~320.00 ng/mL).
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Figure 2. The S-curves of 9 protein markers in the same one detection by using liquid protein chip.
(A): SF S-curve; (B): sTfR S-curve; (C): CRP S-curve; (D): RBP4 S-curve; (E): ApoB S-curve; (F): AFP
S-curve; (G): PA S-curve; (H): CEA S-curve; (I): D-D S-curve.
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The regression equations and determination coefficients for the nine protein markers
that were simultaneously detected using a liquid protein chip in the same detection are in
Table 5.

Table 5. The regression equations and determination coefficients of 9 protein markers detected by the
liquid protein chip.

Protein Marker Regression Equation Determination Coefficients
(r2)

SF y = −0.9106x2 + 63.867x − 40.79 0.997
sTfR y = 0.0012x3 − 0.7202x2 + 139.45x + 433.6 0.992

CRP y = −0.2861x4 + 26.523x3 − 758.02x2 +
7860x − 573.33

0.998

RBP4 y = 619.95ln(x) + 621.12 0.996
ApoB y = 0.467x − 80.259 0.995
AFP y = 119.54x + 0.6148 0.997
PA y = 660.51 ln(x) − 395.57 0.981

CEA y = 30.35x2 + 164.82x + 9.9296 0.998
D-D y = 5.9577x − 6.648 0.999

The detection method of the liquid protein chip could simultaneously detect nine
protein markers in the same detection, which had been constructed until now.

3.5. Methodological Evaluation and Verification: Accuracy

The accuracy range of the nine protein markers was between 70.12 and 127.07%, and
the accuracy of each protein marker is shown in Table 6.

Table 6. The recovery rates of 9 protein markers detected by liquid protein chip simultaneously (n = 3).

Serum Cases SF sTfR CRP RBP4 ApoB AFP PA CEA D-D

Serum I + 4% mixed
antigen standard 79.66 94.7 105.98 82.66 91.51 109.46 87.25 103.37 77.53

Serum II + 5% mixed
antigen standard 70.12 74.91 121.3 85.5 72.63 122.77 127.07 85.72 86.12

3.6. Methodological Evaluation and Verification: Precision

The precision ranges of the within-run precision and between-run precision were,
respectively, 0.85–7.31% and 3.53–19.07%. The specific results are shown in Tables 7 and 8,
respectively.

Table 7. The within-run precisions of 9 protein markers by liquid protein chip (n = 10).

Serum
Cases

Evaluation
Indicators

Protein Markers

SF sTfR CRP RBP4 ApoB AFP PA CEA D-D

Serum I −
x (ng/mL) 0.25 64.87 10.18 152.60 29.09 0.50 134.12 0.25 51.02
S (ng/mL) 0.01 2.31 0.72 4.68 1.79 0.03 1.15 0.02 1.14

CV (%) 4.42 3.57 7.11 3.07 6.15 4.87 0.85 7.31 2.23
Serum II −

x (ng/mL) 0.36 52.12 8.81 155.94 61.87 2.37 130.83 1.48 226.69
S (ng/mL) 0.02 1.22 0.30 8.38 4.13 0.17 2.18 0.08 6.90

CV (%) 6.38 2.35 3.35 5.38 6.68 6.95 1.67 5.37 3.04
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Table 8. The between-run precisions of 9 protein markers by liquid protein chip (D = 6, n = 3).

Serum
Cases

Evaluation
Indicators

Protein Markers

SF sTfR CRP RBP4 ApoB AFP PA CEA D-D

Serum I −
x (ng/mL) 0.23 21.70 1.55 13.98 50.79 0.02 144.65 0.01 7.77

Sb2 0.00 4.43 0.04 1.65 74.50 0.00 69.38 0.00 0.52
CV (%) 6.66 9.70 12.08 9.19 16.99 10.12 5.76 4.85 9.28

Serum II −
x (ng/mL) 0.23 20.76 3.31 13.08 31.62 0.02 122.44 0.01 18.69

Sb2 0.00 15.67 0.27 1.20 6.44 0.00 18.65 0.00 4.96
CV (%) 16.55 19.07 15.74 8.39 8.03 8.45 3.53 3.65 11.92

3.7. Methodological Evaluation and Verification: Comparison with Reference Method

The results indicate that the correlation coefficient of each protein marker between the
liquid protein chip and another corresponding detection method was significant (p < 0.05)
and are shown in Figure 3 and Table 9.
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Figure 3. Correlation analysis between liquid protein chip method and other methods for detecting
the 9 protein markers of the same 16 serum samples. (A): The correlation analysis of SF; (B): The
correlation analysis of sTfR; (C): The correlation analysis of CRP; (D): The correlation analysis of
RBP4; (E): The correlation analysis of ApoB; (F): The correlation analysis of AFP; (G): The correlation
analysis of PA; (H): The correlation analysis of CEA; (I): The correlation analysis of D-D.

In addition, the results of the pair comparisons indicated that there was no significant
difference between any of the liquid protein chips and other corresponding detection
methods (p > 0.05), which are shown in Table 10.
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Table 9. The correlation analysis between the liquid protein chip method and other methods for the
detection of 9 protein markers in the same 16 serums (n = 16).

Protein
Markers

Between Liquid Protein Chip
and Immunoturbidimetry

Between Liquid Protein Chip
and ECLIA

Between Liquid Protein Chip
and Elisa

r p r p r p

SF 0.633 0.008 — — — —
sTfR — — — — 0.504 0.047
CRP — — — — 0.994 <0.001
RBP4 0.534 0.033 — — — —
ApoB — — — — 0.682 0.004
AFP — — 0.548 0.028 — —
PA — — — — 0.689 0.003

CEA — — 0.507 0.045 — —
D-D 0.852 <0.001 — — — —

Note: “—” means this method did not compare with liquid protein chip at this indicator.

Table 10. The paired comparison between liquid protein chip method and other methods for the
detection of 9 protein markers of serums (n = 16).

Statistic
Indicators

Between Liquid Protein
Chip and ECLIA

Between Liquid Protein Chip and
Immunoturbidimetry Between Liquid Protein Chip and Elisa

AFP CEA SF RBP4 D-D sTfR CRP ApoB PA

t — 0.127 0.951 −0.675 — −0.943 — — —
p 0.079 0.901 0.356 0.510 0.877 0.360 0.070 0.756 0.501

Note: “—” means this comparison did not meet the requirement of paired t-test, which adopted Wilcoxon
matching pair symbol rank sum test.

3.8. Methodological Evaluation and Verification: Analytical Specificity

The results indicate that a low concentration of DBIL (28.00 nmol/L) and a high
and low concentration of IBIL (0.48 µmol/L, 53.00 nmol/L) would not interfere with the
detection results of nine protein markers. In addition, the high concentration of DBIL
(5.70 µmol/L), the high and low concentration of TG (616.67 µmol/L, 33.33 µmol/L), and
the high and low concentration of Hb (160.00 g/L, 71.11 g/L) could interfere with the
detection results of the liquid protein chip to a certain of degree. Table 11 displays the
specific results of analytical specificity.

Table 11. The analytical specificities of different interferences for the liquid protein chip in detecting
9 protein markers (%).

Interferent CRP SF AFP sTfR D-D RBP4 PA CEA ApoB

DBIL (high) −17.27 34.08 −10.74 −18.49 86.22 −10.90 1.05 −3.66 −10.91
DBIL (low) 10.76 6.58 0.20 −0.38 4.76 −7.21 −2.78 2.88 −9.32
IBIL (high) 10.07 13.00 4.34 0.58 −6.47 −15.33 −4.87 8.86 −18.69
IBIL (low) 16.41 4.19 15.21 2.82 8.56 −17.17 −6.67 13.15 −18.41
TG (high) 29.27 21.95 25.71 21.08 39.73 −0.86 1.12 38.02 −27.69
TG (low) 49.84 11.84 17.25 5.79 28.81 −1.94 −2.59 11.80 −22.90
Hb (high) −5.96 3.90 −21.38 −4.06 −20.75 −3.23 2.55 −8.92 −32.09
Hb (low) 37.07 23.10 31.53 22.23 42.87 3.48 −0.53 62.06 −30.67

4. Discussion

The liquid protein chip is a core technique of proteomics, which can provide technical
support for the systematic research of a field when different protein indicators are needed
to explain a phenomenon [22]. Our research is an exploration of this technique in nutrition
and health.
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As we know, SF, sTfR and CRP [23–25] can be used to judge the iron level, PA [26]
can be used to judge the protein level, RBP4 [27] can be used to judge the VA level,
ApoB [28] and D-D [29] can be used to reflect the risk of cardiovascular and cerebrovascular
disease, AFP [30] is a marker of liver cancer development and progression, and CEA [31]
is a preferred indicator of colon-cancer staging studies before surgical resection. The
system error of the conventionally separate detection for each indicator above might
disturb the correct analysis for the relationship among the nine protein markers. Therefore,
there is a growing need to construct a new multiplex detection method that can realize a
comprehensive judgement of the relationship among them. Our team has long engaged
in the research of analyzing the relationship between serum indicators and the health of
the human body, and the purpose of this research is was construct and evaluate a new
method that could perform multiplex detection for the above nine protein markers at the
same detection so as to provide support for comprehensive observation and analysis at the
viewpoint of nutrition-and-health proteomics at the next stage of our research.

The cross-reaction rate could directly affect the accuracy and recovery rate of the
protein marker. Although it is very important for accuracy, there is not a uniform and
mature threshold value standard in the field of liquid protein detection. Therefore, we had
no choice but to set 10% and 20% as the relative threshold values of the cross-reaction rate
according to the requirement of “Guidance on the Verification” on accuracy and the results
of our team on other similar research [5]. Considering this requirement, we considered the
cross-reaction to be nonexistent when the cross-reaction rate was less than 10%, to be weak
when the rate was between 10% and 20%, and not tolerated when the rate was larger than
20%. In this research, the results of the cross-reaction rates for the nine protein markers
indicated that all of them were less than 10%, which meant there was no cross-reaction in
the constructed method.

The LLD results indicate that the LLDs of liquid protein chip on eight protein markers
(SF, sTfR, CRP, RBP4, ApoB, AFP, CEA and D-D) were, respectively, lower than those of the
comparison methods, which appeared in the preponderance of the liquid protein chip for
the detection of these indicators. Our team had constructed a method for the solid protein
chip to detect SF and sTfR simultaneously, and the comparative results indicated that the
LLDs of the liquid protein chip were obviously better than those of the solid protein chip
when simultaneously detecting SF and sTfR, which further proved that the performance of
liquid protein chip was better than that of solid protein chip. The comparisons among the
above different methods can be found in Table 12.

Table 12. The comparison of the LLDs of 9 protein markers between liquid protein chip and other
methods.

Protein
Markers

Liquid Protein
Chip (pg/mL)

Solid Protein Chip
(ng/mL) ELISA (pg/mL) Immunoturbidimetry

(µg/mL) ECLIA (ng/mL)

SF 12.70 1.21 a — 0.40 e

sTfR 1.00 1.73 a 18.00 b — —
CRP 0.90 — 5.36 b — —
RBP4 45.20 — — 50.00 d —
ApoB 134.10 — 3910.00 b — —
AFP 5.40 — — — 0.50 f

PA 21.70 — 6.30 c — —
CEA 6.20 — — — 0.50 f

D-D 214.20 — — 0.50 d —

Note: a, data from reference [5]; b, data from ELISA kit specification of Beijing Solarbio life science, Inc. (Beijing,
China); c, data from ELISA kit specification of Wuhan Boster Biological Technology., LTD (Wuhan, China);
d and e, data from immunoturbidimetry kit specification of Beijing Leadman, Inc. (Beijing, China); f, data from
electro-chemiluminescence kit specification of Roche diagnostic product, Inc. (Shanghai, China). —, our research
did not adopt this method to perform Section 2.11.
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Referred to as “Guidance on the Verification of Quantitative Measurement Procedures
used in the Clinical Chemistry (CNAS-GL037, 2019)”, we preliminarily completed the
evaluation of the new detection method from four aspects, including accuracy, precision, a
comparison with the reference method, and analytic specificity. For the accuracy of this
method, the evaluated result indicated that it met the basic requirements of our research at
the preliminary stage, especially at the early application stage of the new technique, because
this method took into consideration all factors of the nine protein markers and realized the
synergy of detecting nine protein markers in the same detection; additionally, the collection
of comprehensive and systematic information in one detection is more important for the
research of nutrition-and-health proteomics. In the evaluation of accuracy, the recovery
rates of CRP, AFP, PA and CEA exceeded 100%, which reasons that the operation errors of
adding standard substances are larger or the specificities of the antibodies are relatively
weak. Therefore, we need to further control the operation of experimenters and choose
better antibodies with better specificity in the next stage of research so as to improve the
recovery rate.

In comparison with the reference method, the reason that we did not choose the same
method as the reference methods for detecting different protein markers is there is no
golden standard in the field of detecting protein, so we had to adopt the common method
of aiming at each protein marker as a reference method for each protein marker. Therefore,
ELISA was used as a comparison method for the liquid protein chip to detect sTfR, CRP,
ApoB and PA, Immunoturbidimetry was used as a comparison method for the detection of
SF, RBP4 and D-D, and ECLIA was used as comparison methods to detect AFP and CEA
according to the practical conditions of our routine detections. In addition, although eight
samples were enough according to the requirement of the comparison within the reference
method of “Guidance on the Verification of Quantitative Measurement Procedures used
in the Clinical Chemistry (CNAS-GL037, 2019)”, we still randomly selected 16 samples to
perform this evaluation. The reason for this is that we wanted to verify the feasibility of
our method as fully as possible. The results indicate that our method was competent in
the comparison of each conventional method. Although the diagnostic efficiency of our
method is equal to single detection, our method is able to produce more comprehensive
information that could contribute to analyzing the relationship among these indicators
from the viewpoint of proteomics. In addition, we also can provide support to nutrition-
and-health proteomics by using this method so as to explore the relationship between
nutrition and health in the next stage of our research.

In the evaluation of analytical specificity, the results indicate that the sample should
not be icterus, lipoidemia and hemolysis at a certain degree, which means that the detection
result of our method might be disturbed by some disease factors. In the next stage, we need
to further improve our method by optimizing the detection condition so as to improve the
applicability of this method.

At present, more and more researchers are paying more and more attention to the
detection of nutrition- and health-related protein markers. Our detection method realized
the simultaneous detection of nine protein markers of each of the 40 samples within 5 h,
which could not only decline a system error [32] but could also shorten the detection time,
reduce cost and increase detection efficiency. Table 13 shows the specific comparisons of
the detection performance between the liquid protein chip method and other methods,
which indicate the superiority of our method in practice detection. On the other hand, the
comparison with other similar methods on the basis of liquid protein ships indicates that
our method has basically the same detection time, close cost and similar detection efficiency
because the basic principles of them are absolutely the same [33–35].

For the comparison of multiplex and single plex protein detection, the core of the
controversy is actually the diagnostic value, which is appropriate between combined
diagnosis on the basis of combined detection and the combined diagnosis on the basis of
single detection for the same sample. Referring to the discussion of accuracy above, our
research has proved that the diagnostic value of the combined diagnosis on the basis of
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combined detection (multiplex detection) is equal to that of the basis of single detection,
while the results of multiplex detection could provide more comprehensive and accurate
information for nutrition-and-health proteomics in one detection.

Table 13. Comparison between our method and other methods.

Detection Methods Throughput
Volume of
Detecting

9 Indicators (µL)

The time of
Detecting

9 Indicators (h)

Cost of Single
Indicator of Each

Sample (CNY)

Whether the
Results Can Be

Appeared in the
Same One
Detection

The System
Error of

Detecting
9 Indicators

Liquid protein chip 9 2 5 6.75 Yes Smaller
ELISA a 1 36 45 100 No Larger

Immunoturbidimetry b 1 150 3 50 No Larger
ECLIA c 1 150 3 50 No Larger

Note: a, was the common method in detecting sTfR, CRP, ApoB and PA; b, was the common method in detecting
SF, RBP4 and D-D; c, was the common method in detecting AFP and CEA. The data of above other three methods
referred to the information of kit specification of each method.

On the other hand, the detective throughput is one key point of the comparison
between different multiplex detection methods, which directly influences the overall
performance of a multiplex detection method. The throughput of different research is
generally different, which depends on the purpose of each research. At the present, al-
though the theoretic throughput of the MAP immunoassay technology can reach 50 protein
markers [7], the range of the throughput is commonly from 2-plex to 30-plex in practical
applications [33–35]. Therefore, compared with other multiplex methods [33,36–39], the
throughput of our method is moderate, which means that the analysis time, the cost, and
the technical requirements of our methods are basically in moderation with practical ap-
plications. Thus, the comparison also means that there is great potential in the multiplex
detection of nutrition-and-health proteomics, which we need to devote more effort to in
order to enhance the throughput by attempting more protein markers.

We hope our novel MAP immunoassay method can gradually be used in the compre-
hensive assessment of nutrition and health and the monitoring of the large-scale population
so as to provide technical support for real-time and effective prevention or for the accurate
intervention of nutrition and health.

5. Conclusions

Based on the liquid protein chip technique, a novel multiplex detection method for
nine nutrition-and-health-related protein markers was successfully constructed after we
determined the optimal combination of the concentrations of the capture antibody and
detection antibody for each protein marker, determined the cross-reaction rate of each
protein marker, and determined the LLD and BLD of each protein marker through a series
of optimal experiments. At the same time, the evaluated results of the accuracy, precision,
and comparison with the reference method and analytical specificity have indicated that this
novel method can basically meet the requirement of the laboratory and can preliminarily
replace conventional methods. Based on the above analysis and discussion, the constructed
novel method based on a liquid protein chip is a worthy exploration in the fields of nutrition
and health, which might provide more support for nutrition-and-health proteomics, and
might be used gradually in the comprehensive assessment of nutrition and the health of
large-scale populations in the future.
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