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ABSTRACT: Isolation of rare, pure, and viable circulating
tumor cells (CTCs) provides a significant insight in early
cancer diagnosis, and release of captured CTCs without
damage for ex vivo culture may offer an opportunity for
personalized cancer therapy. In this work, we described a
biotin-triggered decomposable immunomagnetic system, in
which peptide-tagged antibody designed by chemical con-
jugation was specifically immobilized on engineered protein-
coated magnetic beads. The interaction between peptide and
engineered protein can be reversibly destroyed by biotin
treatment, making capture and release of CTCs possible.
Furthermore, the peptide could mediate multiple antibodies’
coimmobilization on engineered protein-coated magnetic beads, by which capture efficiency for CTCs was obviously improved.
Quantitative results showed that 70% of captured cells could be released by biotin addition, and 85% of released cells remained
viable. In addition, 79% of cancer cells spiked in human whole blood were captured and could also be successfully released for
culture. Finally, immunomagnetic beads simultaneously loaded with anti-EpCAM, anti-HER2, and anti-EGFR were successfully
applied to isolate and detect CTCs in 17 cancer patients’ peripheral blood samples, and 2−215 CTCs were identified with high
purity. These results suggest that our method is reliable and has great potential in CTC detection for CTC-based molecular
profiling, diagnosis, and therapy.
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■ INTRODUCTION

Screening for circulating tumor cells (CTCs) in blood has
evoked a lot of interest for early diagnosis of cancer.1−4 CTCs
are cancer cells disseminated from primary or secondary tumors
that circulate in blood and may be responsible for metastasis.5,6

However, the low occurrence of cancer cells in the bloodstream
hampers the enrichment and characterization of CTCs.7,8 Thus,
high-efficiency isolation of CTCs is urgently needed.
Many techniques have been used to isolate CTCs, including

filtration,9,10 density-gradient centrifugation,11,12 and affinity-
based detection.13−19 However, isolation on the basis of cell
size and density is of low specificity. Immunoassay-based
detection, including micro/nanostructured surfaces or immu-
nomagnetic beads, is more commonly used and relies primarily
on antigen−antibody affinity by recognizing tumor-specific
markers especially epithelial cell adhesion molecules (EpCAM)
to capture targeted cancer cells.20−22 Micro/nanostructure-
based approaches often use complicated structures, such as
arrays of microposts,23 nanopillars,24,25 nanowires,26 nano-
fibers,27 and nanodots28 to enhance the interactions with cells,
improving the capture efficiency to target cells. Alternatively,

benefiting from easy manipulation, fast magnetic response, and
high capture efficiency, immunomagnetic-based assays have
been widely applied to CTC detection.29−34

To make significant strides in personalized cancer therapy, it
is necessary to establish methods for ex vivo culture of viable
CTCs that can be sequenced for genotyping and provide well-
directed treatments of the primary tumor. Currently, isolation
of viable CTCs is technically challenging because most
methods captured few numbers of CTCs with low purity and
damaged the CTCs viability during the cell purification process
or in some cases CTCs were irreversibly immobilized on an
adherent matrix.35 Therefore, developing an isolating matrix
that can capture and, especially, release viable CTCs with high
purity for subsequent cell culture and analysis becomes
increasingly urgent. The established methods used in release
of captured tumor cells include electrochemical desorption,36,37

photosensitive-induced cleavage,38 thermodynamic release,39
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enzyme degradation,14 and chemical competitive-combination-
triggered release.33,40 However, these methods often need
elaborate designs or are invasive, limiting the effectiveness of
using these methods. Notably, although immunomagnetic-
separation-based CTC capture has been fully developed, release
of CTCs by means of immunomagnetic beads has rarely been
reported.34 In our previous study, we designed engineered
decomposable nanobioprobes for capture and release of
targeted cancer cells by EDTA-triggered disintegration of
Ca2+−alginate composite on the surface of fluorescent−
magnetic nanospheres.33 However, the viability of released
cells was discounted by EDTA treatment to some extent. It is
therefore desirable to design an immunomagnetic-bead-based
strategy that can capture and release CTCs specifically and
quickly and meanwhile highly maintain their viability.
Currently, Strep-tag II (a short peptide sequence) has been

identified with binding affinity to Strep-Tactin (a mutated
streptavidin molecule with the biotin-binding site). D-Biotin
effectively competes with Strep-tag II for its higher affinity to
Strep-Tactin, by which the Strep-tag system was established
and widely used in purification and identification of protein
complexes.41−43 If immunomagnetic separation system for
CTCs capture was constructed on the basis of the interaction of
Strep-tag II with Strep-Tactin, then it should thus be possible to
competitively destroy the immunomagnetic separation system
in the presence of D-biotin, which makes cell-friendly release of
CTCs possible. To realize our hypothesis, chemically
synthesized Strep-tag II was oriented conjugated with antibody
that were specifically interacted with Strep-Tactin-coated
magnetic beads (STMBs), using Strep-tag II and Strep-Tactin
as a bridge to obtain antibody-modified STMBs for capturing
cancer cells. After addition of biotin, Strep-tag II derived
antibody detached from STMBs, enabling release of cancer cells
with highly maintained viability. As-prepared antibody-modified
STMBs were used to isolate cancer cells from mimic clinical
blood samples, and the captured cells could be released and
kept their proliferation ability. Finally, multiple-antibody-
functionalized STMBs were successfully applied to the isolation
and detection of CTCs in cancer patients’ peripheral blood
samples, and rare CTCs were able to be detected and identified.
These results support the idea that this system might provide a
good opportunity for CTCs enrichment and enumeration.

■ MATERIALS AND METHODS
Materials and Instruments. Magnetic beads (MagStrep type2HC

beads, binding capacity = 0.5−1 nmol/mg beads; bead size = 0.5−1.5
μm; ζ potential = −11.9 ± 1.1 mV) and washing buffer W were
purchased from IBA Company. Goat antimouse IgG (Fc-specific) was
bought from Jackson Company. FITC-labeled rabbit antigoat
secondary antibody and nonfat dry milk were provided from Boster
Company. Peptide sequences (WSHPQFEK) were supplied by
Sangon Biotech Co., Ltd.. Millipore YM-30 was supplied by Merck
Company. Bovine serum albumin (BSA), D-biotin, anti-EpCAM
mouse monoclonal antibody, FITC-labeled goat antimouse secondary
antibody, and 4′,6-diamidino-2-phenylindole (DAPI) were purchased
from Sigma-Aldrich. Anti-EGFR and anti-HER2 mouse monoclonal
antibody, FITC-labeled mouse antihuman cytokeratin (FITC-CK),
and PE-labeled mouse antihuman CD45 (PE-CD45) were obtained
from Abcam Company. SK-BR-3 cells (a human breast cancer cell
line), A431 cells (a human skin cancer cell line), and Hela cells (a
human cervix cancer cell line) were purchased from China Type
Culture Collection. Apoptosis detection kits (annexin V-FITC and PI)
were provided from the Beyotime Institute of Biotechnology. Ultralow
attachment plates were purchased from Corning. EGF, basic FGF,
B27, and antibiotic−antimycotic were supplied by Life Technologies.

All blood samples were obtained from Renmin Hospital of Wuhan
University. All the media used for cell culture was obtained from Gibco
Corp. All other chemicals were supplied by Shanghai Chemical
Reagent Company. ζ potential was obtained with ζ potential
measurement (Zetasizer Nano, Malvern). Magnetic hysteresis loops
were measured on a physical property measurement system (PPMS-9
T) with a vibrating sample magnetometer option (VSM, USA,
Quantum Design). UV−vis absorption spectra were measured with a
UV−vis spectrophotometer (UV-3600, Shimadzu Corporation).
Fluorescence microscopic images were obtained using a Zeiss
microscope (AxioObserver Z1, Zeiss, Germany).

Oxidation of Goat Antimouse IgG and Its Conjugation with
Strep-Tag II. A 1 mg aliquot of goat antimouse IgG was dispersed in
1 mL of 0.1 M PBS (pH 6.4) and incubated 1:1 (v/v) with 20 mM
sodium periodate (0.1 M PBS, pH 6.4) for 30 min in the dark. The
excess sodium periodate was removed by filtration using a 30 K
molecular-weight-cut-off centrifuge filter (Millipore YM-30). The
retained IgG was resuspended in 0.1 M PBS (pH 7.2) to a
concentration of 1 mg/mL. Subsequently, the oxidized IgG was
incubated with Strep-tag II for 5 h at room temperature with constant
shaking. The resultant solution was transferred to Millipore YM-30 in
order to remove the excess Strep-tag II by filtration three times. The
retained product was dispersed in 0.1 M PBS (pH 7.2) and stored at 4
°C before use.

Preparation and Characterization of Primary Antibody-
Loaded IgG-STMBs. STMBs (0.5 mg) were first washed twice
with buffer W and incubated on ice with Strep-tag II derived goat
antimouse IgG (200 μL, 1 mg/mL) for 30 min to prepare IgG-
STMBs. Subsequently, IgG-STMBs (0.5 mg) were dispersed in 200 μL
of 0.1 M PBS (pH 7.2) to react with 10 μg of anti-EpCAM for 30 min
with constant shaking. After removal of excess antibody, the
reconstituted samples were blocked with 5% nonfat dry milk
(dispersed in PBS containing 0.1% (v/v) Tween, biotin removed)
for more than 2 h to reduce nonspecific adsorption. Then, the samples
were washed three times and resuspended in 200 μL of 1× PBS,
forming anti-EpCAM-IgG-STMBs.

To characterize anti-EpCAM-IgG-STMBs, anti-EpCAM-IgG-
STMBs and the same amount of IgG-STMBs (already blocked)
were incubated with 5 μL of FITC-labeled secondary antibody (100
μg/mL) for 30 min with shaking. Then, they were washed three times,
followed by the acquiring of microscopic images. The FITC-labeled
secondary-antibody-stained anti-EpCAM-IgG-STMBs were treated
with biotin and observed with microscope.

The fabrication of anti-(EpCAM+EGFR)-IgG-STMBs and anti-
(EpCAM+HER2)-IgG-STMBs was accomplished in a manner similar
to the preparation of anti-EpCAM-IgG-STMBs, wherein 8 μg of anti-
EpCAM and 2 μg of anti-EGFR or 8 μg of anti-EpCAM and 2 μg of
anti-HER2 were used instead of 10 μg of anti-EpCAM, respectively.

Capture and Release of Cancer Cells Using Antibody-
Modified IgG-STMBs. A 0.5 mg aliquot of anti-EpCAM-IgG-
STMBs or anti-(EpCAM+EGFR)-IgG-STMBs was added to Eppen-
dorf tubes containing 1 × 105 A431 cells in 1 mL of 1× PBS, incubated
for 30 min at room temperature, and then separated with a magnetic
scaffold. Similarly, the same concentrations of anti-EpCAM-IgG-
STMBs or anti-(EpCAM+HER2)-IgG-STMBs were used to capture
SK-BR-3 cells (1 × 105 cells/mL). The number of cells initially
introduced and in the supernatant were all determined with a
hemocytometer to calculate capture efficiencies. As controls, 0.5 mg of
anti-EpCAM-IgG-STMBs was used to treat Hela cells (1 × 105 cells/
mL) and 0.5 mg of IgG-STMBs was used to treat A431 cells and SK-
BR-3 cells (1 × 105 cells/mL), respectively.

To release cells, the captured cells attracted by magnetic scaffold
were further incubated with biotin for 5 min, which was repeated
several times. The STMBs detached from cells were removed by
magnetic scaffold, and the supernatants were recovered to obtain
release efficiencies. Meanwhile, images were taken using a Zeiss
microscope before and after capture and after release of DAPI-
prestained SK-BR-3 cells.

Testing the Viability of Released Cells. Annexin V-FITC and PI
were used according to the manufacturer’s instructions for fluorescent
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staining of released A431 cells to evaluate their viability. The viability
of A431 cells without capture-and-release treatment were also
examined as control. For quantitative analysis, A431 cells that did
not show fluorescence were counted as live cells.
Furthermore, the released A431 cells were cultured in an CO2

incubator to detect their proliferation ability. The cells without
capture-and-release treatment were also cultured under the same
condition as control.
Capture, Release, and Culture of Spiked Cancer Cells from

Whole Blood. IgG-STMBs (0.15 mg) were dispersed in 200 μL of
0.1 M PBS (pH 7.2) and reacted with 10 μg of anti-EpCAM for 30
min with constant shaking. After removal of excess antibody, the
reconstituted samples were blocked with 5% nonfat dry milk. Then the
samples were washed three times and resuspended in 100 μL of 1×
PBS, forming anti-EpCAM-IgG-STMBs. A 100 μL aliquot of DAPI-
prestained SK-BR-3 cell suspension (103 cells/mL) was added to
Eppendorf tubes containing 1 mL of whole blood that were incubated
with 100 μL of anti-EpCAM-IgG-STMBs for 30 min with gentle
shaking. The same amount of cell suspension was distributed among
three wells in a 96-well plate to calculate the mean of cells spiked into
blood samples. Then, anti-EpCAM-IgG-STMBs captured cells were
isolated, washed three times, resuspended in 1× PBS, and kept in a 96-
well plate to be observed and counted using a Zeiss microscope to
calculate the capture efficiency.
After magnetic separation, the captured cells were fixed with 4%

paraformaldehyde (30 min), permeabilized with 0.2% Triton-X 100
(30 min), and stained with 10 μg/mL DAPI, FITC-labeled anti-CK19
monoclonal antibody, and PE-labeled anti-CD45 monoclonal antibody
(according to kit instructions) for 2 h at 4 °C. After washing, the
captured cells were put into a 96-well plate for fluorescence
microscopy imaging. Captured cancer cells were classified as DAPI
+/CK+/CD45−, and white blood cells were defined as DAPI+/CK−/
CD45+. The purity was calculated by dividing the number of cells
captured by the total number of nucleated cells (DAPI+) in the
samples.
Furthermore, 100 μL of anti-EpCAM-IgG-STMBs (1.5 mg/mL)

were added to 1 mL of whole blood containing SK-BR-3 cells or A431
cells and incubated for 30 min. After magnetic separation and three
washes, the captured cells were treated with biotin (2 mM) and then
collected for culture in a CO2 incubator.
Isolation of CTCs from Patients with Cancer. IgG-STMBs

(0.15 mg) were dispersed in 200 μL of 0.1 M PBS (pH 7.2) and
reacted simultaneously with 8 μg of anti-EpCAM, 2 μg of anti-EGFR,

and 2 μg of anti-HER2 for 30 min with constant shaking. After
washing, the reconstituted samples were blocked with 5% nonfat dry
milk. Then, the samples were washed three times and resuspended in
100 μL of 1× PBS, forming anti-(EpCAM+EGFR+HER2)-IgG-
STMBs.

Blood samples from 12 cancer patients and 7 healthy normal
controls were prepared and incubated with 100 μL of anti-(EpCAM
+EGFR+HER2)-IgG-STMBs prepared as described above. After
magnetic separation, the captured cells were identified with three-
color immunocytochemistry (ICC) and observed by a fluorescence
microscope. Only cells that were DAPI+/CK+/CD45− with the
appropriate size and morphology were counted as CTCs. In addition,
CTC capture was further carried out by anti-(EpCAM+EGFR
+HER2)-IgG-STMBs and CellSearch capture assay from blood
samples of another five cancer patients for comparison.

Then, the captured CTCs were released as mentioned above. The
released CTCs were cultured in ultralow-attachment plates containing
RPMI-1640 medium, supplemented with EGF (20 ng/mL), basic FGF
(20 ng/mL), B27, 1× antibiotic−antimycotic, and 5% CO2.

■ RESULTS AND DISCUSSION

Strep-Tag System Integrated Immunomagnetic Sep-
aration for Capture and Release of Cancer Cells. Strep-tag
II has the property of binding to Strep-Tactin, and D-biotin can
competitively bind with Strep-Tactin to destroy the interaction
of Strep-tag II and Strep-Tactin. On the basis of these features,
a Strep-tag system was established for fast and easy purification
of protein under very gentle conditions.41 In addition, the
Strep-tag system was also adopted for reversible T-cell staining,
which maintained the specificity and sensitivity of cell staining
while preserving the functional status of T lymphocytes.44

These unique characteristics of the Strep-tag system make it an
ideal tool for constructing a reversible attaching and detaching
system for biological application. Therefore, we proposed to
develop a versatile platform for capture and release of cancer
cells under gentle conditions by combination of a Strep-tag
system and an immunomagnetic separation system.
To realize the integration of these two systems, we first

prepared Strep-tag II derived goat antimouse IgG that can be
easily conjugated onto STMBs, followed by immobilization of

Scheme 1. Depiction of Capture and Release of Cancer Cellsa

a(1) Strep-tag II labeled IgG was reacted with STMBs, forming IgG-STMBs. (2) Anti-EpCAM, anti-EGFR, or anti-HER2 was interacted with IgG-
STMBs for fabrication of antibody-modified IgG-STMBs. (3) Antibody-modified IgG-STMBs were used to capture cancer cells. (4) Captured cancer
cells were released by addition of biotin.
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the primary antibody for recognizing its biotargets. Scheme 1
demonstrates the processes of fabrication of primary antibody-
functionalized magnetic beads for the capture and release of
cancer cells. First, STMBs (whose magnetic hysteresis loop and
capture efficiencies at different attraction times with a
commercial magnetic scaffold were demonstrated in Figure
S1) were used as supporter to load Strep-tag II derived goat
antimouse IgG, forming IgG-STMBs. After that, anti-EpCAM
or multiple antibodies were immobilized onto IgG-STMBs to
obtain anti-EpCAM-IgG-STMBs (or anti-(EpCAM+EGFR)-
IgG-STMBs, anti-(EpCAM+HER2)-IgG-STMBs, and anti-
(EpCAM+EGFR+HER2)-IgG-STMBs) by the specific recog-
nition between secondary antibody and primary antibody.
Subsequently, Strep-tag II mediated primary-antibody-function-
alized STMBs were employed for capturing and isolating cancer
cells. Because biotin binds to Strep-Tactin by several orders of
magnitude more tightly than the Strep-tag II peptide,41 biotin
was used to interact with Strep-Tactin in competition with
Strep-tag II, thus allowing the disintegration of anti-EpCAM-
IgG-STMBs and release of the captured cancer cells.
Preparation of Strep-Tag II Derived Secondary Anti-

body. Generally, the enrichment of CTCs on the basis of a
single cancer cell marker, most commonly EpCAM, often
encounters major challenges because of tumor heterogeneity
and epithelial to mesenchymal transition (EMT).13,18,45

Consequently, new approaches that can target multiple
clinically relevant cancer biomarkers are urgently needed for
improving capture efficiency of CTCs. Therefore, we
conjugated Strep-tag II labeled secondary antibody onto
STMBs, where multiple primary antibodies could be simulta-
neously immobilized for recognizing various cancer biomarkers.
Strep-tag II comprises the amino acid sequence of Trp-Ser-

His-Pro-Gln-Phe-Glu-Lys,43 where the carboxyl group of Glu
residue plays an important role in binding with Strep-Tactin.46

Therefore, to prepare a Strep-tag II−secondary antibody
biological composite while preserving the carboxyl group of
Strep-tag II, the amino group of Strep-tag II was employed to
conjugate with the aldehyde group of IgG produced by
oxidation of the carbohydrate moiety on the IgG’s Fc region.
By this strategy, the binding affinity of Strep-tag II to Strep-
Tactin was conserved. Furthermore, the reaction between the
aldehyde group and the amino group is also helpful to obtain
high labeling efficiency of Strep-tag II to secondary antibody.47

Meanwhile, Strep-tag II was controllably linked to the Fc region
of IgG, allowing the active Fab zone to remain fully exposed for
connecting primary antibody. We have to mention that
chemical conjugation was used to build Strep-tag II−secondary
antibody biological composite, which was easier and more
general than molecular-biology-based protein labeling,48−51

improving the universality of this method.
To evaluate whether our design is applicable, oxidized IgG

(containing aldehyde group) was incubated with amino-
terminated nanospheres (representing Strep-tag II), followed
by incubation with FITC-labeled rabbit antigoat secondary
antibody as a reporter. As demonstrated in Figure S2, strong
fluorescence was observed on the IgG-labeled nanospheres
(Figure S2b), whereas the fluorescence of control samples
(nanospheres without incubation with oxidized IgG) was rarely
observed (Figure S2d). Hence, we knew that IgG was
successfully immobilized onto the surface of the nanospheres
through the aldehyde group of IgG and the amino group of the
nanospheres, meaning that the aldehyde group was successfully

generated by NaIO4 oxidation. Accordingly, Strep-tag II derived
goat antimouse IgG was successfully constructed.

Integration and Disintegration of Strep-Tag II
Mediated Antibody-Functionalized STMBs. Originating
from the specific interaction between Strep-tag II and Strep-
tactin, Strep-tag II derived IgG (Fc-specific) could be
immobilized onto STMBs for fabricating IgG-STMBs (whose
integration and disintegration ability was successfully evaluated
by FITC-labeled rabbit antigoat antibody, see Figure S3). Then,
primary antibody was oriented immobilized on IgG-STMBs
with fully exposed Fab fragments for recognizing cell makers
effectively. Here, anti-EpCAM was immobilized onto IgG-
STMBs to construct anti-EpCAM-IgG-STMBs, and FITC-
labeled secondary antibody was employed to report this
construction. Compared with faint fluorescence of IgG-
STMBs (Figure 1d), anti-EpCAM-IgG-STMBs had strong

fluorescence (Figure 1b) when IgG-STMBs and anti-EpCAM-
IgG-STMBs were incubated with FITC-labeled secondary
antibody. Furthermore, if anti-EpCAM-IgG-STMBs stained
by FITC-labeled secondary antibody were further incubated
with biotin, the fluorescence from anti-EpCAM-IgG-STMBs
was rarely observed (Figure 1f). These results illustrated the
successful conjugation and detachment of anti-EpCAM from
the surface of STMBs. Therefore, we concluded that anti-
EpCAM can be reversibly attached to and detached from the
surfaces of STMBs, enabling capture and release of cancer cells
by using Strep-tag II mediated antibody labeling on STMBs.

Capture and Release of Cancer Cells Using Biotarget-
ing IgG-STMBs. Strep-tag II derived goat antimouse secondary
IgG was immobilized on STMBs that can specifically interact
with any primary IgG from a mouse source. Therefore, multiple
primary-antibody-modified IgG-STMBs can be fabricated by
combination of different antibodies against various biomarkers
on cancer cells surface. The specificity of antibody-modified
IgG-STMBs was evaluated by three cell lines: (1) A431, a
model of skin cancer that is positive for EpCAM and epidermal
growth factor receptor-1 (EGFR) and negative for epidermal
growth factor receptor-2 (HER2), namely, EpCAM+/EGFR
+/HER2−; (2) SK-BR-3, a model of breast cancer which is
EpCAM+/EGFR−/HER2+; (3) Hela, a model of cervix cancer

Figure 1. Construction of anti-EpCAM-IgG-STMBs. (a and b)
Incubation of FITC-labeled secondary antibody with anti-EpCAM-
IgG-STMBs. (c and d) Incubation of FITC-labeled secondary
antibody with IgG-STMBs as control. (e and f) Release of anti-
EpCAM from the surface of STMBs by biotin addition. Bright field, a,
c, and e; fluorescence, b, d, and f.
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that is EpCAM−.18,27 As demonstrated in Figure 2a,b, SK-BR-3
cells stained by DAPI were imaged before (Figure 2a) and after
(Figure 2b) incubation with anti-EpCAM-IgG-STMBs, indicat-
ing that SK-BR-3 cells can be recognized by anti-EpCAM-IgG-
STMBs. Quantitative results are shown in Figure 2c; when 0.5
mg/mL of anti-(EpCAM+HER2)-IgG-STMBs were applied to
1 × 105 SK-BR-3 cells for cell isolation, capture efficiency was
increased (85 ± 1%) when compared to anti-EpCAM-IgG-
STMBs-based SK-BR-3 cell capture (82 ± 4%). Meanwhile,
compared with anti-EpCAM-IgG-STMBs, STMBs simultane-
ously loaded with anti-EpCAM and anti-EGFR (namely, anti-
(EpCAM+EGFR)-IgG-STMBs) increased the capture effi-
ciency of A431 cells from 70 ± 3 to 86 ± 2% (p < 0.05).
Thus far, it is clear that STMBs simultaneously loaded with
multiple antibodies could improve capture efficiency, meeting
the urgent demand on obtaining high capture efficiency for
heterogeneous cancer cells. As controls (Figure 2d), IgG-
STMBs (without anti-EpCAM) rarely interacted with A431 and
SK-BR-3 cells, and anti-EpCAM-IgG-STMBs only isolated a
few Hela cells (low EpCAM expression level). Hence, it was
concluded that antibody-modified IgG-STMBs could specifi-
cally recognize and isolate targeting cancer cells.
Strep-tag II mediated antibody immobilization on STMBs

could be destroyed by biotin treatment, facilitating release of
captured cells. Figure 2e shows the captured SK-BR-3 cells that
were imaged after release by biotin addition. Quantitative
results showed that 70 ± 5% of captured A431 cells and 55 ±
5% of captured SK-BR-3 cells could be released. These results
suggested that antibody-modified IgG-STMBs can be used for
capture and release of cancer cells. Currently, a number of
methods have been established for reversible capture and
release of cancer cells,14,33,36−40 among which an aptamer-based
approach is a brilliant star because it gives high efficiency for

both cell capture and release. Generally, more than 90% of
cancer cells can be captured by aptamer-based devices, and the
captured cells were reversibly released by enzyme treatment or
antisense DNA with efficiency higher than 90%.26,52,53

Although an aptamer-based method is promising for CTC
detection, our strategy gives an alternative choice because of its
universal, mild, and cell-friendly features for CTC capture and
release.

Viability of Released Cells. Annexin V-FITC and PI were
used to evaluate the viability of released cells.33 Cells with good
bioactivity could not be stained by annexin V-FITC and PI,
whereas cells in early stages of apoptosis were labeled by
annexin V-FITC and cells in late apoptotic stage were stained
by PI. From Figure 3a−d, it can be seen that majority of
released A431 cells did not have fluorescence, exhibiting results
similar to cells without capture-and-release treatment (Figure
3e−h). Quantitative results (Figure 3i) showed that 85% of
released cells had good viability, 1% of cells underwent early
apoptotic process, and 15% of cells almost lost their viability.
The percentages of viability, early apoptosis, and late apoptosis
of control cells corresponded to 88, 3, and 9%, respectively.
Obviously, there were no significant differences between the
released cells and cells without capture-and-release treatment.
The main reason is that the release process was conducted
under physiological conditions by biotin treatment that was
mild and cell friendly.
To detect proliferation ability, the released A431 cells were

further cultured in a CO2 incubator and routinely cultured
A431 cells were used as control. The results showed that the
released A431 cells adhered well and proliferated on the tissue
culture plates, exhibiting growth behavior similar to that of
routinely cultured cells. As displayed in Figure 3j−m, the
released A431 cells successfully underwent multiple (>5)

Figure 2. Capture and release of cancer cells. Fluorescent microscopy images of SK-BR-3 cells (a) before and (b) after incubation with anti-EpCAM-
IgG-STMBs. (c) Capture efficiencies of antibody modified IgG-STMBs to A431 and SK-BR-3 cells. (d) Performance of IgG-STMBs mixed with
A431 and SK-BR-3 cells, as well as anti-EpCAM-IgG-STMBs mixed with Hela cells. (e) Fluorescence microscopy images of released SK-BR-3 cells.
(f) Release efficiencies of anti-EpCAM-IgG-STMBs captured A431 and SK-BR-3 cells by biotin addition; error bars, standard error (n = 3).
Independent samples t test; n.s., not significant; *, p < 0.05.
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passages without detectable changes in behavior. These results

clearly demonstrated that cancer cells after capture-and-release

procedures retained both their viability and proliferation ability.

Taken together, we could conclude that the cancer cells with

capture-and-release treatment were suitable for subsequent cell
culture, which was vital for further research.

Capture, Release, and Culture of Spiked Cancer Cells
from Whole Blood. To further explore the potential clinical
application of anti-EpCAM-IgG-STMBs, capture, release, and

Figure 3. Viability of the released cells. (a−d) Released A431 cells stained by annexin V-FITC and PI; (e−h) A431 cells without capture-and-release
treatment stained by annexin V-FITC and PI. (i) Quantitative results of viability of A431 cells with and without capture-and-release treatment.
Microscopic images of released A431 cells (j) just seeded onto culture plate, (k) at confluence, and cells that have reached confluence (l) after one
passage and (m) after five passages. Bright field, a, e, and j−m; fluorescence, b, c, f, and g; merged images, d and h.

Figure 4. Capture, release, and culture of cancer cells from mimic clinical blood samples. (a) Capture efficiency and purity of cancer cells captured
from whole blood; (b−d, f−h) Microscopic images of cells captured from blood samples, identified with three-color ICC; b−d, SK-BR-3 cells, and
f−h, white blood cells. (e and i) Merged images of nucleus (DAPI), CK (FITC) and CD45 (PE). Microscopic images of (j) released SK-BR-3 cell
and (k and l) cell growth after culture.
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culture of cancer cells were carried out in mimic clinical blood
samples. First, we spiked human whole blood samples with
DAPI-stained SK-BR-3 cells at a concentration of approx-
imately 102 cells/mL. Figure 4a shows the recovery rate
calculated by dividing number of captured cells by number of
spiked cells, and a recovery rate of 79 ± 10% was obtained.
To determine the purity of SK-BR-3 cells separated by anti-

EpCAM-IgG-STMBs, three-color ICC was conducted by
treatment with DAPI nuclear stain, FITC-labeled anti-CK19
(a marker for epithelial cells) monoclonal antibody, and PE-
labeled anti-CD45 (a marker for white blood cells (WBCs))
monoclonal antibody. As shown in Figure 4b−i, SK-BR-3 cells
were DAPI+/CK+/CD45−, and WBCs were DAPI+/CK−/
CD45+. From the observed results, we calculated that the
purity of separated SK-BR-3 cells was 84 ± 3% (Figure 4a).
Furthermore, anti-EpCAM-IgG-STMBs were applied to

capture and release SK-BR-3 cells spiked in human whole
blood. As shown in Figure 4j, the SK-BR-3 cells captured from
blood were successfully released by biotin treatment, showing
good morphology. After culture, the released cells spread and
divided normally, showing the tendency to grow to a single
clone from single cell (Figure 4k,l). When we carried out this
experiment by using A431 cells, the behavior (Figure S4) was
similar to the growth behavior of A431 cells proceeded in PBS
media (Figure 3j−m). These results exhibited that the capture-
and-release treatment by anti-EpCAM-IgG-STMBs had little
influence on cells’ proliferation ability, suggesting the potential
clinical application of this method in isolation of undamaged
CTCs for ex vivo culture.
Isolation of CTCs from Cancer Patients. Although

EpCAM-based enrichment methods have been frequently
used by many groups, several studies have revealed that the

presence of EpCAM on tumor cells varies with tumor type.54,55

To overcome this obstacle, we simultaneously immobilized
anti-EpCAM, anti-EGFR, and anti-HER2 onto IgG-STMBs
(namely, anti-(EpCAM+EGFR+HER2)-IgG-STMBs) for high-
efficiency and high-purity capture of CTCs from peripheral
whole blood samples of cancer patients. Here, 12 cancer
patients (including lung, gastric, esophagus, pancreatic, and
liver cancer patients) and 7 healthy donors were investigated by
anti-(EpCAM+EGFR+HER2)-IgG-STMBs, and the captured
CTCs were successfully identified with the three-color ICC.
Some representative fluorescent microscope images of CTCs
are shown in Figure 5a−i: CTCs were DAPI+/CK+/CD45−
with the appropriate size and morphology, whereas WBCs were
DAPI+/CK−/CD45+. The number of isolated CTCs ranged
from 2 to 215 CTCs per 1 mL of blood from 12 cancer patients
(Table S1), and high purities were achieved in all samples (as
shown in Figure 5g−i, rare WBCs were found in larger
observed areas). No identifiable CTCs were detected from the
blood samples of 7 normal healthy individuals, indicating that
our anti-(EpCAM+EGFR+HER2)-IgG-STMBs could be suc-
cessfully applied to real patient blood samples. Furthermore, we
compared our method with the gold standard in clinical CTCs
detection: the FDA-cleared CellSearch assay. Because the
CellSearch system is efficient for detecting CTCs in cancer
patients with metastatic breast, prostate, or colorectal cancer,6

we simultaneously carried out CTCs enumeration by using
anti-(EpCAM+EGFR+HER2)-IgG-STMBs and the CellSearch
system for 5 cancer patients (4 colorectal cancer patients and 1
breast cancer patient). As displayed in Table S2, anti-(EpCAM
+EGFR+HER2)-IgG-STMBs recovered 12−72 CTCs from 1
mL of blood, whereas the CellSearch system detected 0−23
CTCs from 7.5 mL of blood. These results demonstrated that

Figure 5. Capture of CTCs in whole blood samples from cancer patients. (a−i) Fluorescent microscope images of CTCs captured from patient
blood. (j) Quantification of CTCs from cancer patients’ blood samples. Scale bar = 10 μm.
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our method outperformed the CellSearch system for CTC
detection because multiple antibodies were simultaneously
immobilized on STMBs with fully exposed antigen recognition
sites that could conspicuously improve capture efficiency,
indicating that anti-(EpCAM+EGFR+HER2)-IgG-STMBs
might be a powerful tool for early cancer diagnosis and relapse
prediction.
To test whether CTCs captured from cancer patients were

viable and had proliferation ability, we released the specifically
captured CTCs and cultured them in vitro. Initially, we could
observe single CTC or CTC spheres in ultralow-attachment
plates under bright field, but the low density of CTCs may lose
their proliferation ability in current culture conditions and were
washed out during the media change process. We suspect that a
large volume of blood samples would be beneficial to acquire a
greater number of CTCs for ex vivo culture; meanwhile, finding
suitable culture conditions for specific kinds of CTCs is also a
critical factor.35 Hence, more exploration of culturing CTCs in
vitro is needed to promote personalized treatment of cancer.

■ CONCLUSIONS
We successfully developed a novel strategy for reversibly
capturing and releasing CTCs by biotin-triggered decompos-
able immunomagnetic beads. The active Strep-tag II derived
IgG fabricated by chemical conjugation was reversibly loaded
onto and discharged from STMBs, owing to the competitive
binding between Strep-tag II and D-biotin toward Strep-Tactin,
which made capture and release of CTCs possible. As-prepared
IgG-STMBs could immobilize multiple primary antibodies to
achieve higher capture efficiency for CTC model cells, and
biotin treatment could release 70% of captured cells with highly
preserved viability because of the mild and cell-friendly release
conditions. It is worth noting that the IgG-STMBs simulta-
neously loaded with anti-EpCAM, anti-HER2, and anti-EGFR
were successfully applied to isolate and detect CTCs in cancer
patients’ peripheral blood samples with high purity, and rare
CTCs in the whole blood samples were detected and identified
by routine immunostaining. We foresee that the presented
strategy may provide promising guidance for enumeration and
release of viable CTCs for ex vivo culture, facilitating CTC-
based molecular profiling, diagnosis, and therapy.
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