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Purpose: The aim of this study was to develop an avidin-modified macromolecular lipid
magnetic sphere and its application in differential diagnosis of liver disease and liver cancer.
Materials and Methods: Lectin-modified macromolecular lipid magnetic spheres were
prepared by thin-film hydration method using lentil lectin derivatives (LCA-HQ) and cho-
lesterol as raw materials. Alpha-fetoprotein variants (AFP-L3) in serum from healthy people,
liver disease and liver cancer patients were isolated using the prepared lectin-modified
macromolecular lipid magnetic spheres, and alpha-fetoprotein (AFP) and AFP-L3 were
detected by fully automatic time-resolved fluorescence immunoassay.

Results: The lectin polymer lipid magnetic sphere prepared in this study was superpara-
magnetic and encapsulated by a lectin derivative. There was no significant difference in the
recovery rate of AFP-L3 between avidin magnetic ball-automatic time-resolved fluorescence
immunoassay and manual micro-affinity column method (p>0.05). We found that AFP-L3
can be used as a differential indicator between liver cancer and liver disease. The positive
rate of AFP and AFP-L3 in liver cancer patients was higher than that in healthy people and
liver disease patients (p<<0.001). The AUC (95% CI) of AFP and AFP-L3 were 0.743 = 0.031
and 0.850 + 0.024, respectively. AFP-L3 AUC value is greater than AFP; therefore, AFP-L3
distinguishes liver cancer more accurately, and the difference is statistically different, p<0.05.
Conclusion: We proposed a novel method for integration of the lectin polymer lipid
magnetic spheres and time-resolved fluorescence immunoassay that enables simple, accurate
and rapid determination of AFP-L3 in clinical samples. To be noted, fully automatic time-
resolved fluorescence immunoassay compared with the commonly used techniques in clinical
practice, the measurement procedure is simple and is expected to be used for the detection
and accurate diagnosis of liver cancer.

Keywords: liver cancer, alpha-fetoprotein, AFP, alpha-fetoprotein variant, AFP-L3,
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Introduction

Alpha-fetoprotein (AFP) is a common clinical liver cancer-specific tumor marker, '~
but approximately 35% of patients with primary liver cancer have serum AFP
concentrations less than 400 ng/mL.* In some amphoteric liver diseases such as
cirrhosis and hepatitis patients, the serum AFP may also be elevated, and how to

identify the two is a clinical problem that needs to be solved.* Alpha-fetoprotein
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isomers have the same amino acid sequence to AFP, but
with different sugar chain structure and isoelectric point.>
7 There are a lot of literature reports show AFP-L3 is
considered to be a specific marker for liver cancer, and
AFP-L3 can be detected in the serum of about 35% of
small liver cancer patients (<2 cm)®'* According to the
different binding ability with lentil lectin (LCA), AFP was
divided into LCA binding type and LCA non-binding
type.!' 13 Alpha-
fetoprotein variant 1 (AFP-L1) and Alpha-fetoprotein var-

LCA unconjugated types include
iant 2 (AFP-L2), which are found in benign hepatocytes
and pregnant women.® Alpha-fetoprotein variant 3 (AFP-
L3) is an LCA binding type, mainly secreted by hepatoma
cells."

Magnetic particles not only have the surface effects,
quantum size effects, volume effects, macroscopic quan-
tum-tunneling effects of ordinary nanomaterials, but also
have special magnetic properties such as superparamag-
netic, high coercivity, low curie temperature and high
magnetization efficiency and such special magnetic
properties.'>™'7 The current immunomagnetic beads and
magnetic particles with functional groups are mostly pre-
pared by using a coupling agent on the surface of
a magnetic sphere having a reactive group.'®2° The sur-
face of the magnetic sphere of the reactive group is pre-
pared by a coupling agent, and the content of the
liposome surface streptavidin or lectin is low, and it is
easy to cause a decrease in the activity of these
substances.”' > In order to solve this bottleneck problem,
this study uses lentil lectin (LCA) to specifically bind to
AFP-L3, using a variety of techniques such as polymer,
liposome, magnetic separation and bioassay. The lectin
derivative directly encapsulates the magnetic particles to
prepare a lectin nanomagnetic particle with magnetic
polymer liposome characteristics, which can greatly
improve the lectin content on the surface of the magnetic
particle and achieve convenient and rapid detection of
AFP-L3.

Materials and Methods

Reagents and Instruments

Lentil agglutinin (LCA) was purchased from Sigma-
Aldrich; raw material magnetic bead and chitosan cetyl
quaternary ammonium salt (HQ) were synthesized and
commercial development by Xiaofei Liang, anti-AFP-L3
antibody was constructed and reserved by central

Laboratory of Shanghai Cancer Research Institute.

DOPC, DSPE-PEG-NH, was purchased from Avanti
(USA), and cholesterol (Chol), dichloromethane, and
other commonly used reagents were purchased from
China National Pharmaceutical Corporation. The experi-
mental water was deionized double-distilled water (18.2
MQ) (Millipore, USA). Mouse anti-human AFP-L3 mono-
clonal antibody, goat anti-mouse IgG (H+L)-HRP was
purchased from lentils lectin quantitative Elisa kit, and
ECL was purchased from Santa Cruz, USA. Other bio-
chemical reagents were of analytical grade and were pur-
chased from Sinopharm. Other reagents are synthesized
and stored by our laboratory. X-ray powder diffractometer
(Advanced-DS§, Bruker, Germany), Nicolet 380 Fourier
transform infrared spectroscopy (FT-IR), nano-particle
size and Zeta potential analyzer (Nano-ZETA1, Malvern,
UK), vibration sample magnetic strength Vibrain sample
magnetometer, Lake Shore VSM 7407 series. The auto-
mated magnetic nanosphere separator was purchased from
Suzhou Tianlong Biotechnology Co., Ltd. AFP-L3 was
isolated from Beijing Rijing Biotechnology Co., Ltd.
(Quasi 10-0020) by Affinity Centrifugal Column Method.
Time-resolved fluorescence immunoassay for AFP was
provided by Shanghai Youni Biotechnology Co., Ltd.

Preparation of Lectin-Modified Magnetic
Sphere

First, the lectin is dissolved in a mixed solution of deio-
nized water and isopropanol (the mass ratio of deionized
water to alcohol is 1:0 to 3), and then the chitosan cetyl
quaternary ammonium salt is slowly added. In the system,
the mass ratio of lectin to chitosan cetyl quaternary ammo-
nium salt in the system is 1:100. After stirring at room
temperature for 24 hours, the reaction solution is dialyzed
by semi-permeable membrane for 24 hours, after lyophili-
zation, a white powder of lectin-chitosan cetyl quaternary
ammonium salt was obtained. The lectin-modified lipid
magnetic spheres were prepared by thin-film evaporation
method. 2.5 mg LCA-HQ, 0.5 mg cholesterol, and 0.5 mg
magnetic particles were dissolved in 15 mL of chloroform
and then transferred to an eggplant-shaped flask using
a rotary evaporator. The film was evaporated under
reduced pressure and dried under vacuum overnight to
remove the residual organic solvent. Fifteen-milliliter
PBS (pH=7.0, 0.1 M) was added to the membrane of the
eggplant bottle, hydrated at 37°C for 12 h, mixed and
magnetically separated 3 times to obtain agglutinin-
modified magnetic particles.
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Physical Characterization of

Lectin-Modified Magnetic Particles

Particle size, morphology and structure were analyzed by
particle size analyzer, Transmission Electron Microscope
(TEM) and X-ray powder diffractometer (XRD). UV-vis
and infrared-spectral infrared spectroscopy (FT-IR) optical
properties of the particles were analyzed, and the magnetic
properties of the magnetic particles before and after the
modification of the magnetic particles were analyzed by
a vibrating sample magnetometer (VSM).

Simulate Recovery Experiment the
Magnetic Particle Method and
Micro-Centrifugal Column Method for

the Recovery of AFP-L3

The concentration of AFP-L3 in different concentrations
of AFP-L3 solution was studied by magnetic microspheres
and micro-centrifugal column, respectively. The AFP-L3
recovered by the two methods was used for 20 min,
respectively, and then flow cytometry analysis of the fluor-
escently labeled AFP-L3 obtained by the two methods was
performed using a BD flow cytometer (Calibur; USA) to
evaluate the change of fluorescence strength. AFP-L3 was
taken at 200 ng/mL, and AFP-L3 was separated and
recovered by magnetic sphere method and micro-
centrifugal column method. Quantitative comparison mag-
netic particle method and micro-centrifugal column
method for recovery of AFP-L3 by Western blot method.

Clinical Blood Sample Collection

This clinical trial was approved by the Second Affiliated
Hospital of Dalian Medical University. All the patient and
healthy volunteer consents were written informed con-
sents, and that this was conducted in accordance with the
Declaration of Helsinki. A total of 1150 serum samples
were selected, including 100 normal subjects, 350 chronic
hepatitis patients, 320 cirrhotic patients, 380 liver cancer
patients, serum samples of chronic hepatitis patients and
cirrhotic patients were regarded as benign liver disease
group. Normal human serum samples were obtained from
the Shanghai Cancer Institute and the Changzheng
Hospital in Shanghai. All patients with liver cancer were
confirmed by CT and B-ultrasound, all patients with hepa-
titis were confirmed by hepatobiliary ultrasound, all
patients with cirrhosis were confirmed by CT and
B-ultrasound. The sample is the supernatant separated

from fresh serum and stored at —20°C until detection.
The liver disease and liver cancer serum were obtained
from the Second Affiliated Hospital of Dalian Medical
University and Yancheng Hospital Affiliated Southeast
University. All samples were separated from fresh serum
and stored at —20°C until detection.

Sample Test Method Steps
The procedure for sample preparation and testing is
described in Supporting information, and the automated

separator condition settings are shown in Figure S1. AFP,
AFP-L3 detection analysis and reference range, time-
resolved fluorescence immunoassay for alpha-fetoprotein
(AFP) in serum and alpha-fetoprotein (AFP-L3) in the
supernatant. Percent alpha-fetoprotein variant =alpha-
fetoprotein concentration in the separation solution/total
alpha-fetoprotein concentration (ng/mL) in the serum sam-
ple. Reference range AFP-L3/AFP = 5% negative; 5%
<AFP-L3/AFP <10% suspicious; AFP-L3/AFP = 10%
positive.

Data Analysis Processing

For multiple comparisons, a one-way ANOVA test was
performed. The ¢ test (two-tailed) was used for comparison
between the two groups. Data are expressed as mean +
standard deviation (S.D.). Survivors were estimated using
a Log rank test. *p<0.05, **p<0.01, ***p<0.001.

Results
Physical Characterization of Lectin

Polymer Liposome Magnetic Particles

The preparation principle of LCA-HQ and cholesterol
and hydrophobic magnetic beads prepared by a thin-
film method to prepare avidin-modified polymer lipo-
some magnetic spheres (LCA-MMLs) is shown in
Figure 1A. The flow chart of LCA-MMLs sorting
serum alpha-fetoprotein variation body 3 is as shown
in Figure 1B.

In this study, lentil lectin (LCA) was modified by
coupling with HQ. The coupled HQ tail increased the
hydrophobicity of the polymer to form a lipid bilayer
with cholesterol and then encapsulated hydrophobic
magnetic beads to prepare LCA macromolecular grease
magnetic particle. XRD analysis was performed on HQ,
LCA-HQ cholesterol XRD powder, according to the
peak map in the Figures S2 and S3, HQ peak at 2 0 =
20.2°, LCA-HQ peak 2 6 = 21.14°, these results show
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Figure | Schematic diagram showing the preparation of hydrophilic LCA magnetic polymeric liposomes with high LCA content (A), Magnetic separation of AFP-L3 from

serum and quantitate analysis (B).

that HQ has been successfully coupled with LCA. The
peaks of XRD analysis of LCA-MLs and Fe304 are
also very similar and very synchronous, so Fe;O, is
encapsulated in liposomes. The magnetic strength ana-
lysis of Fe;O0; and LCA-MMLs is shown in and
Figure S4, and the saturation magnetization of Fe;Oy4
is about 60 emu/g, the saturation magnetization of LCA-
MMLs is about 40 emu/g, and the saturation magnetiza-
tion of pure Fe;O4 is higher than LCA-MMLs. It can
also be seen from the figure that the particles have no
obvious hysteresis loop, and the residual magnetism is
basically zero, showing good superparamagnetic. Elisa
analysis showed that each milligram of magnetic sphere
contained 5.5 micrograms of lectin that is a high lectin
content.

Figure 2A shows that the particle size of LCA-MMLs
in aqueous solution is about 89.52+28.52 nm, and the
dispersion coefficient PDI is 0.074, which is more concen-
trated. Figure 2B indicates the potential of LCA-MMLs in
aqueous solution was 14.1+4.84 mV, showing a weak
positive charge. Transmission Electron Microscope analy-
sis in Figure 2C showed that LCA-MMLs exhibited
a stable and regular globular shape. In summary, this
study successfully prepared LCA functional polymer lipo-
some magnetic spheres.

Simulation Recovery Experiment Studies
the Results of Detection and Analysis of

AFP-L3 by Magnetic Sphere Method and

Micro-Centrifugal Column Method

The recovery experiment of 200 ng/mL AFP-L3 was car-
ried out, and the recovery efficiency of magnetic separa-
tion method and micro-centrifugal column method was
analyzed and compared. As shown in Figure 3A, flow
cytometry analysis showed that the fluorescence signals
obtained by magnetic separation and microcentrifugation
of LCA-MMLs were close to the fluorescence intensity of
the original concentration of AFP-L3. The Western blot
results also showed that both the two methods had high
recovery efficiency of AFP-L3 (Figure 3B), the molecular
weight of AFP-L3 is about 63—75 KD.

The AFP-L3 in different concentrations solution (12.5—
1000 ng/mL) was enriched by the prepared lectin magnetic
microspheres and the micro-centrifugal column method. The
results in Figure 4A showed that the AFP-L3 recovery of the
two methods was greater than 90%, and there was no sig-
nificant difference between the magnetic microsphere
method and the micro-centrifugal column method (P>0.05).
Correlation analysis of AFP-L3 concentration obtained by
two methods, the result in Figure 4B showed that there was
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Figure 2 Physical characterization of LCA-MMLs. Size distribution of LCA-MMLs using dynamic light scattering analysis (A), Potential distribution of LCA-MMLs (B),
Transmission Electron Microscope (TEM) observation of LCA-MMLs (C), scale bar is 100 nm.

a significant correlation between the two AFP-L3 concentra-
tions, with a correlation coefficient y=0.985, p < 0.001.

AFP and AFP-L3 Test Results of Serum

Samples

The clinical serum samples were used for analysis serum
biomarkers content of AFP and AFP-L3 by time-resolved
fluorescence immunoassay. Serum AFP and AFP-L3
levels in patients with liver cancer were significantly

higher other group, the difference was statistically signifi-
cant (P <0.05), the results shown in Table 1. Serum AFP
and AFP-L3 levels in healthy volunteers were significantly
lower than patients, there are significant statistical differ-
ences (P <0.05), so the serum alpha-fetoprotein of healthy
people will not be higher than the detection index. We
found that the AFP content of the hepatitis group was
significantly higher than that of the cirrhosis group (P
<0.05), but there is no difference in the AFP-L3 content
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between the two groups (Table 1); thus, AFP-L3 can
potentially be used for the differential diagnosis of hepa-
titis and cirrhosis. Meanwhile, the level of AFP-L3 in
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Figure 4 Recovery of AFP-L3 at different concentrations. Recovery rate analysis of magnetic
and column method (A), correlation analysis of magnetic and column method (B).

patients with liver disease is significantly lower than that
in patients with liver cancer, so AFP-L3 can also play
a key role in the identification of patients whether with
liver cancer or liver diseases.

The AFP and AFP-L3 positive rates in serum bio-
markers were shown in Table 2. AFP-positive ratio and
AFP-L3 positive ratio in the liver cancer group were
greater than those in the control group (cirrhosis, hepa-
titis, and healthy group). The positive ratio of AFP and
AFP-L3 in the hepatitis group was significantly higher
than that in the cirrhotic and normal groups, the differ-
ence was statistically significant (p<0.05) thus AFP-L3
may be used as a differential indicator differentiate
between hepatitis and cirrhosis.

Receiver-Operating Characteristic (ROC)
Curve of AFP and AFP-L3

Receiver-operating characteristic (ROC) curve was used to the
differential diagnosis of liver cancer in Figure 5, the
calculated area under the ROC curve (AUC) is shown in
Table 3, the AUC (95% CI) of AFP, AFP-L3 were 0.743 +
0.031, 0.850£0.024, respectively. AFP-L3 AUC value is greater
than AFP; therefore, AFP-L3 distinguishes liver cancer more
accurately, and the difference is statistically different, p<0.05.

Discussion

The main reason for the high death rate of liver cancer is
attributable to it is often in the late stage when it is
diagnosed, for liver cancer patients have little sensation
at the beginning of the disease. Clinical studies show that

detection of AFP-L3 can provide more accurate
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Table | Comparison of Content Serum Biomarkers of AFP and AFP-L3
Characteristics LC Cl CH NM
AFP (ng/mL) 298.3 (11.32~1300) 7.2 (1.86~13.9) 37.4 (2.18~80.1) 1.3 (2.17~471)
AFP-L3 (ng/mL) 48.1 (17.21~67.1) 0.6 (0.00~1.1) 3.8 (0.93~4.67) 0.02 (0~0.12)
(AFP-L3/AFP) % 16.12 833 10.16 1.5

Abbreviations: LC, liver cancer patients; CH, chronic hepatitis patients; Cl, cirrhotic patients; NM, normal.

Table 2 Comparison of AFP and AFP-L3 Positive Rates in Serum
Biomarkers

Characteristics LC Cl CH NM
380 350 320 100
AFP positive (%) 271 (71.32* | 9 257)° | 55 (17.19)¢ | 0

AFP-L3 positive (%) | 263 (69.21)* | 5 (142)° | 19 (5.93)* | 0

Notes: LC comparison with other three groups, *p<0.001; Cl comparison with LC,
®p<0.01; CH comparison with LC, p<0.05;Cl comparison with CH, 9p<0.05.

information about liver cancer than AFP**?* early warn-
ing of benign and malignant liver disease, clinical stage of
liver cancer, and biological malignancy of liver cancer.'**
In our study, we found the serum AFP-L3 can potentially
be used for the differential diagnosis of hepatitis and
cirrhosis. Meanwhile, the level of AFP-L3 in patients
with liver disease is significantly lower than that in
patients with liver cancer; thus, AFP-L3 can also play

a key role in the identification of patients whether with

liver cancer or liver diseases. The ROC curve was used to
compare the accuracy and sensitivity of AFP and AFP-L3
in the diagnosis of clinical samples, the AUC (95% CI) of
AFP and AFP-L3 were 0.743 £ 0.031 and 0.850 + 0.024,
respectively; therefore, AFP-L3 distinguishes liver cancer
more accurately, and the difference is statistically differ-
ent, p<0.05.

In recent years, scholars have developed a various
method for detecting AFP variants, such as immunity
electrophoresis analysis, affinity electrophoresis blotting,
affinity chromatography spin columns,®*’ 2° but most of
which are difficult to meet the needs of clinical testing due
to the complicated operation and time-consuming. In our
study, the AFP-L3 recovery experiment was carried out for
the parallel comparison the of the micro-centrifugal col-
umn method and our magnetic microsphere method for the
enrichment of AFP-L3, result showed that both of then
method with a high enrichment ability, with a correlation
coefficient y=0.985. However, the micro-centrifugal col-
umn method is highly dependent on manual operation and
requires repeated centrifugation operations. Magnetic

1.0
/1/&-FP-L3 ’/ polymer microspheres can be easily and quickly separated
14 ] from the medium under the action of an external magnetic
087 field. Therefore, the microsphere method can meet the
i needs of a large number of samples clinical testing for
> the automated processing. The automatic time-resolved
E "] fluorescence immunoassay of serum AFP-L3 via LCA
'é magnetic cationic polymeric liposomes method established
R our in this study is a completely new method with following
advantages: (1) short time-consuming; (2) automatic
operation process; (3) high AFP-L3 enrich ability.
0.2
Table 3 The ROC Curve of Liver Cancer Detection by AFP and
S e 02 04 08 08 10 AFP-13
1-Speciﬁcity Characteristics AUC 95% CI P
AFP 0.743+0.031 0.681-0.804 <0.05
Figure 5 Recovery of AFP-L3 at different concentrations.Recovery rate analysis of
magnetic and column method (A), correlation analysis of magnetic and column AFP-L3 0.850+0.024 0.804-0.896
method (B).
International Journal of Nanomedicine 2020:15 submit your manuscript 4939
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Conclusions

In this study, alpha-fetoprotein variants were pre-separated
by nucleic acid extraction separators using polymer nucleus
magnetic beads (LCA-MMLs) modified with lens culinaris
agglutinin (LCA) then detected by time-resolved fluores-
cence immunoassay. The magnetosphere method established
in this study is a new method for separation and detection of
AFP variation with the following characteristics: shorten the
detection time, facilitate automated operation, stronger abil-
ity to enrich AFP variants, accurate analysis accuracy.
Clinical results show that AFP-L3 is a highly specific marker
for the diagnosis of liver cancer. This study provides a new
means for rapid detection of AFP-L3 and for the diagnosis
and prognosis of hepatocellular carcinoma.
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