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Abstract

AIM

To compare the capacity of newly developed epidermal
growth factor receptor (EGFR)-targeted immune
magnetic liposomes (EILs) vs epithelial cell adhesion
molecule (EpCAM) immunomagnetic beads to capture
colorectal circulating tumor cells (CTCs).

METHODS

EILs were prepared using a two-step method, and the
magnetic and surface characteristics were confirmed.
The efficiency of capturing colorectal CTCs as well
as the specificity were compared between EILs and
EpCAM magnetic beads.

RESULTS

The obtained EILs had a lipid nanoparticle structure
similar to cell membrane. Improved binding with cancer
cells was seen in EILs compared with the method of
coupling nano/microspheres with antibody. The binding
increased as the contact time extended. Compared
with EpCAM immunomagnetic beads, EILs captured
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more CTCs in peripheral blood from colorectal cancer
patients. The captured cells showed consistency with
clinical diagnosis and pathology. Mutation analysis
showed same results between captured CTCs and
cancer tissues.

CONCLUSION
EGFR antibody-coated magnetic liposomes show high
efficiency and specificity in capturing colorectal CTCs.

Key words: Epidermal growth factor receptor; Immune
magnetic liposomes; Epithelial cell adhesion molecule;
Circulating tumor cells; Colorectal cancer

© The Author(s) 2018. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: Epidermal growth factor receptor-targeted
immune magnetic liposomes (EILs) were prepared by
a two-step method. The binding with capturing tumor
cells (CTCs) in peripheral blood from colorectal cancer
patients was compared between EILs and epithelial cell
adhesion molecule (EpCAM) immunomagnetic beads.
We found that EILs captured more CTCs than EpCAM
immunomagnetic beads with a higher efficiency and
specificity.

Kuai JH, Wang Q, Zhang AJ, Zhang JY, Chen ZF, Wu KK, Hu XZ.
Epidermal growth factor receptor-targeted immune magnetic
liposomes capture circulating colorectal tumor cells efficiently.
World J Gastroenterol 2018; 24(3): 351-359 Available from:
URL: http://www.wjgnet.com/1007-9327/full/v24/i3/351.htm
DOL: http://dx.doi.org/10.3748/wjg.v24.13.351

INTRODUCTION

Metastasis contributes most to cancer-related deaths
in patients with solid tumors. Mounting evidence sug-
gests that circulating tumor cells (CTCs), which can
shed from a primary tumor mass at the earliest stages
of malignant progression, play a critical role in cancer
metastasis!'?, As a “liquid biopsy” for tumor, CTCs
provide an insight into tumor biology in a critical window
where intervention could actually make a difference!*”’.
Detection and characterization of CTCs are chall-
enging owing to their extreme scarcity in blood®"".
Several methods have been evolving, including immun-
omagnetic separation based on capture reagent-labeled
magnetic beads, microfluidics-based technologies that
enhance cell-surface contacts, and microfilter devices
that isolate CTCs based on size difference!® ¥,
However, the sensitivity of the aforementioned methods
relies greatly on the degree of enrichment of CTCs and
current techniques used are far from satisfactory™ .
Clinically, the CellSearch System, approved by the
United States Food and Drug Administration recently,
is deemed as the standard method™®*”, Epithelial cell
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adhesion molecule (EpCAM) antibody is used to couple
the magnetic beads in the system. However, EpCAM
positive cells have been found in healthy persons®".
Moreover, epithelial-mesenchymal transition (EMT),
which is vital for metastasis, could result in loss of
epithelial antigens in some CTCs!**%%,

Recently, a new method, in which an EGFR
antibody-coupled magnetic liposome with a bilayer
membrane structure was used, was developed®’®,
Studies showed that this method had a significant
improvement in cell-capture efficiency owing to its
enhanced interactions between the deformable anti-
body receptor-lipid bilayer structure and nanoscale
cellular surface components™>”. Such a high-affinity
cell assay can be employed to recover cancer cells from
spiked whole-blood samples in a stationary magnetic
separation device**), On the basis of this stationary
cell-capture assay, we hypothesized that further
improvement of cell-capture efficiency can be achieved
by increasing the surface activity sites of magnetic
beads for tumor cells.

MATERIALS AND METHODS

Materials

Chitosan (molecular weight, 5 x 10*) was supplied
by Yuhuan Aoxing Biochemistry (Zhejiang, China) with
a deacetylation degree of above 99%. Octadecyl
quaternized carboxymethyl chitosan (OQCMC), hydro-
phobic magnetic nanoparticles (BM), and hydrophilic
magnetic nanoparticles (LM) were all prepared in our
lab. All other chemicals were of reagent grade and
were used as received. The study was approved by
local institutional review board and informed consent
was obtained from all recruited patients.

Preparation of EGFR-targeted immune liposomes
Modified DSPE-PEG-EGFR (1.0 mg) was weighed. After
3.0 mg of 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC), 2.0 mg of OQCMC, and 6.0 mg of cholesterol
(Chol) were dissolved in 5.0 mL of dichloromethane
(CH2Cl2), bare magnetic nanobeads (3 mL) were
added and incubated for 10 min, followed by the
addition of a certain volume of phosphate buffer
solution (PBS, pH = 7.4). The echo probe was used for
phacoemulsification during ice bathing. After formation
of a uniform emulsion, the organic phase was removed
by rotary evaporation. After magnetic separation, PBS
was used for washing for three times. At this stage,
immune magnetic liposomes (IMLs) were obtained.

A certain quantity of IMLs was dispersed in PBS
solution. After that, EDC was added, vortexed, and
incubated for 3 h. After the unreacted coupling agent
was removed, EGFR-targeted immune liposomes (EILS)
were obtained.

Characterization of ElLs
The particle size and distribution were determined
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by quasielastic laser light scattering with a Malvern
Zetasizer (Malvern Instruments, United Kingdom) at
25 °C. About 0.2 mL of EIL suspension were diluted
in 2.5 mL water immediately after preparation. Each
experiment was repeated three times. Zeta potential
was measured using a Malvern Zetasizer (Malvern
Instruments). Zeta limits ranged from -150 to 150
V. The magnetic properties of EILs were determined
through using a vibrating samples magnetometer
(LDJ9600-1, LDJ Electronics Inc., United States).

Recognition of colorectal cancer HT-29 cells by ElLs in
vitro

HT-29 cells (8 x 10%) at logarithmic phase were plated
on sterile round cover glasses in a 24-well plate with
0.5 mL of culture medium containing 10% serum
and incubated at 37 C with 5% CO: overnight. When
cell confluence reached > 70%, 20 uL of fluorescein
(FITC)-labeled EILs were added. After culture for
30 min, the liquid was discarded and the pellet was
washed with PBS three times before shaking for 2 min
once. After that, 4% paraformaldehyde was added
for cell fixation for 20 min, followed by washing with
PBS three times again. Then, DAPI (4’,6-diamidino-2-
phe-nylindole) dye liquor was added in each well and
incubated for 10 min away from light to stain nuclei.
After washing three times with PBS, the cell membrane
probe Dil was added in each well and incubated for 10
min. After washing three times with PBS, the cover
glasses were removed. The fluorescence decay sealing
agents were adhered on glass slides. The distributions
of the immune magnetic beads inside and outside the
cell membrane were observed under a laser confocal
microscope.

Recognition of CTCs

A three-color immunocytochemistry method was
applied to identify and enumerate CTCs from non-
specifically trapped white blood cells (WBCs). The
markers included PE-labeled anti-CD45 (a marker for
WBCs), FITC-labeled anti-CK19 (Cytokeratin, a protein
marker for epithelial cells), and DAPI for nuclear
staining. Fluorescence microscopy was employed to
quantify DAPI intensity and expression levels of CK19
and CD45 in individual cells. The combined information
was utilized to delineate CTCs (DAPI+/CK+/CD45-,
cell size > 8 um) from WBCs (DAPI+/CK-/CD45+, size
< 15 um) and cellular debris (DAPI-).

Clinical application of CTC capture and identification in
colorectal cancer patients

The CTC capture and identification methods were
similar to those of CellSearch, but manually operated
instead. Specifically, whole blood (7.5 mL) was collected
and centrifuged at 1000 rpm/min for 10 min. After
that, the upper-middle layer was transferred to a new
tube and equal volume of PBS was added and mixed
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evenly. Then, 120 L of EILs were added and incubated
at room temperature for 30 min. The mixture was
mixed once every 10 min and the tube was inserted
into the magnetic separation frame to allow absorbing
for 5 min. After that, the supernatant was removed
and the tube was taken out. The captured CTCs were
washed once with PBS, followed by staining with 30
uL of DAPI, 30 uL of CK19-FITC, and 10 pL of CD45-
PE in a mixture for 15 min. Deionized water was then
used to wash twice in the magnetic separation frame.
Finally, 30 pL of deionized water was added into the
tube for re-suspending the cells. The blending liquid
was then evenly coated in the center of a slide. After
the liquid drop was dried, the cells were photographed
and counted under a fluorescent microscope.

DNA extraction and mutation analysis in CTCs

The captured cells were put into a 10 uL PCR buffer
with proteinase K and incubated at 60 ‘C overnight.
After inactivating proteinase K at 95 °C for 10 min,
agarose gel electrophoresis and sequencing were
performed to determine mutations of the KRAS gene.
Meanwhile, DNA extraction from peripheral blood of
seven colorectal cancer patients was performed to
analyze the KRAS mutations.

Statistical analysis

Statistical analyses were performed using Prism soft-
ware (GraphPad Software, Inc., La Jolla, CA, United
States). An unpaired Student’s t-test was used to
compare hydrodynamic size, diffuse efficient, and zeta
potential between IMLs and EILs. A paired Student’
s t-test was used to detect differences in the number
of CTCs captured by EpCAM immunomagnetic beads
in comparison with EILs. A P-value < 0.05 was con-
sidered statistically significant.

RESULTS

Process of preparing ElLs

A two-step method was used to prepare EILs, which
was achieved through encapsulating hydrophilic or
hydrophobic magnetic nanoparticles into polymeric
surfactant/cholesterol vesicles. Figure 1 illustrates
the preparation procedure. The as-synthesized LM
can be encapsulated into the aqueous core of polyme-
ric liposomes. Furthermore, evaporation of organic
solvent can transfer BM into the aqueous phase by
an interfacial process driven by the hydrophobic van
der Waals interactions between the primary alkane of
the stabilizing ligand in oleic acid and the secondary
alkane of the OQCMC. In addition, Chol can modulate
membrane fluidity, elasticity, and permeability by
stabilizing the polymeric liposome system.

Characterization of ElLs
Figure 2A shows the hydrodynamic diameters of
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Figure 1 Schematic diagram showing the preparation of epidermal growth factor receptor-targeted immune magnetic liposomes with hydrophilic and

hydrophobic magnetic nanoparticles. EGFR: Epidermal growth factor receptor.

IMLs and EILs. The results indicated that the mean
hydrodynamic size of IMLs was 83.1 + 1.5 nm, whereas
the diffusion coefficient was 1.3758E-14 m?%/s. The
mean hydrodynamic size of EILs was 104.5 £ 1.3 nm
with a diffusion coefficient of 1.5870E-14 m?/s.

After encapsulating with OQCMC/Chol polymeric
liposomes, the surface zeta potential of hydrophilic
Fes04 nanoparticles could reach +41 mv. After reaction
with EGFR antibody, the surface zeta potential of
IMLs could reach +37 mv. There was no significant
difference in zeta potential between them (Figure 2B).

Magnetic and surface characterization of EILs

Figure 2C shows the magnetization curves of IML
and EILs at room temperature. Both samples showed
a typical superparamagnetic behavior without any
hysteresis loop. The saturation magnetization values of
IMLs and EILs were 40 emu/g and 20 emu/g at 300 K,
respectively. The volume fraction of magnetite can be
further increased by increasing the number of layer of
lipid coating.

Characteristics of CTCs

As shown in Figure 3A, the captured CTCs were
DAPI+/CK+/CD45-, with cell sizes larger than 8 pum,
which are consistent with the CTC criterion. In Figure
3B, the magnetic bead was stained blue by Prussian
blue.

Recognition of CTCs by EpCAM magnetic beads and
EiLs

Blood samples from seven colorectal cancer patients
without chemotherapy were collected for CTC capture
analysis. For each patient, 7.5 mL of blood was divided
equally for capturing CTCs by EpCAM magnetic beads
and EILs. The number of CTCs captured by EpCAM
magnetic beads was 15 to 79 and that by EILs was 5
to 181. A significant difference was found between the
two methods. As shown in Figure 4, the numbers of

JBaishideng® W]G I WWW.ngnet.COm

CTCs captured by ElLs in patients 1, 2, 4, 5, 6, and 7
were higher than those captured by EpCAM magnetic
balls.

Mutations analysis in CTCs

KRAS has been recognized as a marker for diagnosis
and treatment of colorectal cancer. Mutations of KRAS
in CTCs from the seven colorectal cancer patients
were compared. Five of the seven DNA samples were
successfully amplified and sequenced. We further
amplified and sequenced their tumor tissue DNA, and
found the results were coincident (Figure 5 and Table 1).

DISCUSSION

In the current study, we developed new EGFR-targeted
ElLs for capturing colorectal CTCs. The EILs obtained
showed similarity to cell membrane and could more
efficiently capture colorectal CTCs compared with
EpCAM immunomagnetic beads.

The higher efficiency of EILs compared to EpCAM
immunomagnetic beads might be explained by the
following facts. First, the obtained IMLs displayed a
lipid nanoparticle structure similar to cell membrane,
which can enhance contact with cancer cells™*,
Second, characteristics of the EILs were similar to
those of IMLs (including mean hydrodynamic size,
zeta potential, magnetization curves, and saturation
magnetization value), which suggested that EILs could
effectively bind CTC cells®%*>?, Third, expression of
EpCAM on CTCs is dynamic**”), Some cells might not
express EpCAM and did not get captured using EpCAM
immunomagnetic beads®>*%*,

However, we should not ignore that in one patient,
the number of CTCs captured by EILs was lower than
that by EpCAM magnetic beads. This patient had stage
I disease and the number of CTCs in the peripheral
blood might be much fewer than those at advanced
stages, which may be below the detection limit of EILs.
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Table 1 Comparison of gene mutations detected in DNA from circulating tumor cells and that from tissues

Sample ID Tumor type Clinical stage CTC DNA Tissue DNA
KRAS Exon 1 KRAS Exon 2 KRAS Exon 1 KRAS Exon 2

1 CRC v WT WT WT WT
2 CRC m WT WT WT WT
3 CRC I NAP NAP WT WT
4 CRC v WT WT WT WT
5 CRC v WT WT WT WT
6 CRC i NAP NAP WT WT
7 CRC m WT WT WT WT

CTCs: Circulating tumor cells; CRC: Colorectal cancer; WT: Wild type; NAP: Not amplified.
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Figure 2 Characterization of epidermal growth factor receptor-targeted immune magnetic liposomes. The hydrodynamic diameter (A), zeta potential (B), and
magnetization curves (C) at 300 K of magnetic polymeric liposomes are shown. IML: Immune magnetic liposomes; EGFR: Epidermal growth factor receptor; EILs:
EGFR-targeted immune magnetic liposomes.
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Figure 3 Size of the captured circulating tumor cells and color of stained magnetic beads. A: Localization and distribution of EILs in HT-29 cells. Cells were
cultured in FITC-labeled ElLs-containing medium on bottom of a glass dish (35 mm dish with 14 mm bottom wells) for 30 min followed by treatment with DAPI dye and
Dil dye for 5-10 min, separately, and subsequent examination by confocal microscopy; B: Prussian blue staining of EGFR IMLs with HT-29 Cells. (Scale bar: 5 um).
IMLs: Immune magnetic liposomes; ElLs: EGFR-targeted immune magnetic liposomes.
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Figure 4 The number of circulating tumor cells captured by epithelial
cell adhesion molecule magnetic beads and epidermal growth factor
receptor-targeted immune magnetic liposomes. Side-by-side representation
of circulating tumor cell (CTC) enumeration results obtained from our
integrated CTC-capture method (normalized to 7.5 mL of blood) with EGFR
immune magnetic liposomes and epithelial cell adhesion molecule (EpCAM)
immunomagnetic beads on matched samples from seven patients.

Other factors such as operating mistakes might also be
possible explanations. More studies with larger sample
sizes are needed to validate the current findings.

The feasibility of capturing of CTCs by EILs was
evaluated by mutation analysis, especially the KRAS
gene. Five of the seven DNA samples were successfully
amplified and sequenced. We found that mutations
detected in CTCs were the same as those in tumor
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tissues. Considering that KRAS was reported to be
a marker for diagnosis and predicting treatment out-
comes of colorectal cancer®®**? the current results
suggested that detecting KRAS mutations in CTCs
through EILs capture might be of practical use.

In 2005, Kullberg and colleagues first reported the
use of magnetic liposomes modified by EGFR antibody
for drug delivery to cancer cells®!!. Recently, Wang
et al¥ found that magnetic liposomes modified by
dual antibody (the nuclear protein Ki-67 and EGFR
antibody) were potentially useful in helping treat tumor
cells with proliferative characteristics. Our current
study further confirmed the feasibility of EILs in cap-
turing CTCs. These findings suggested that EGFR-
targeted magnetic liposomes might be of more clinical
significance in the future.

There were at least two limitations in this study.
First, the number of patients included in our study
was small. Second, all of the colorectal cancer patients
included in the study were EGFR positive, which might
cause a great bias to our results as a previous study
reported that the sensitivity and specificity of EGFR
were lower than those of EpCAM for colorectal cancer
patients™. Liu et al*' also reported that the positive
expression rate of EGFR was only 64% (45/70).
Future studies might include several specific molecular
targets to improve efficiency®. For example, Myung
et al*”! successfully enhanced tumor cell isolation by a
biomimetic combination of E-selectin and anti-EpCAM.
Besides, combining mechanical and molecular filtration
seems to be another choice to better enrich CTCs!***",
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Figure 5 Gene mutation test of KRAS for captured circulating tumor cells and tumor tissue. CTCs: Circulating tumor cells.

In conclusion, we designed a new CTC-capture
platform that combines a high-affinity cell enrichment
assay based on cell capture agent (antibody)-coated
nanostructured substrates and a cell membrane stru-
cture capable of improving CTC/substrate contact
frequency. The synergistic effects led to better CTC
capture performance in clinical blood samples compared
with traditional EpCAM immunomagnetic beads. The
significantly improved sensitivity of our new CTC
capture technology might be useful in early detection
of cancer metastasis and isolation of rare populations of
cells.

ARTICLE HIGHLIGHTS

Research background

Metastasis contributes most to cancer-related deaths in patients with solid
tumors. Mounting evidence suggests that circulating tumor cells (CTCs)
which can shed from a primary tumor mass at the earliest stages of
malignant progression, play a critical role in cancer metastasis. Detection and
characterization of CTCs are challenging owing to their extreme scarcity in
blood. However, the sensitivity of the aforementioned methods relies greatly
on the degree of enrichment of CTCs and current techniques used are far
from satisfactory. Recently, a new method, in which an epidermal growth factor
receptor (EGFR) antibody-coupled magnetic liposome with a bilayer membrane
structure was used, was developed. Studies showed that this method had
a significant improvement in cell-capture efficiency owing to its enhanced
interactions between the deformable antibody receptor-lipid bilayer structure
and nanoscale cellular surface components. Such a high-affinity cell assay can
be employed to recover cancer cells from spiked whole-blood samples in a
stationary magnetic separation device.

Research motivation
The main topics are to compare the capacity of newly developed EGFR-
targeted immune magnetic liposomes (EILs) vs epithelial cell adhesion
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molecule (EpCAM) immunomagnetic beads to capture colorectal circulating
tumor cells (CTCs).

Research objectives

The main objectives were to compare the capacity of newly developed ElLs
vs EpCAM immunomagnetic beads to CTCs. And the significantly improved
sensitivity of our new CTC capture technology might be useful in early detection
of cancer metastasis and isolation of rare populations of cells.

Research methods

ElLs were prepared using a two-step method, and the magnetic and surface
characteristics were confirmed. The efficiency and specificity of EILs and
EpCAM magnetic beads in capturing colorectal CTCs were compared.
Statistical analyses were performed using Prism software (GraphPad Software,
Inc., La Jolla, CA, United States). An unpaired Student’s t-test was used to
compare hydrodynamic size, diffuse efficient, and zeta potential between IMLs
and ElLs. A paired Student’s t-test was used to detect differences in the number
of CTCs captured by EpCAM immunomagnetic beads in comparison with EILs.
A P-value < 0.05 was considered statistically significant.

Research results

The obtained EILs have a lipid nanoparticle structure similar to cell membrane.
Improved binding with cancer cells was seen in EILs compared with the method
of coupling nano/microspheres with antibody. The binding increased as the
contact time extended. Compared with EpCAM immunomagnetic beads, ElLs
captured more CTCs in peripheral blood from colorectal cancer patients. The
captured cells showed consistency with clinical diagnosis and pathology.
Mutation analysis showed same results between captured CTCs and cancer
tissues.

Research conclusions

Improved binding with cancer cells was seen in EILs compared with the method
of coupling nano/microspheres with antibody. EILs were prepared using a two-
step method and the magnetic and surface characteristics were confirmed. The
efficiency and specificity in capturing colorectal CTCs were compared between
ElLs and EpCAM magnetic beads. EGFR-coated magnetic liposomes showed
high efficiency and specificity in capturing colorectal CTCs. The captured cells
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showed consistency with clinical diagnosis and pathology. Mutation analysis
showed same results between captured CTCs and cancer tissues. The
significantly improved sensitivity of our new CTC capture technology might be
useful in early detection of cancer metastasis and isolation of rare populations
of cells.

Research perspectives

The significantly improved sensitivity of our new CTC capture technology
might be useful in early detection of cancer metastasis and isolation of rare
populations of cells.
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