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Abstract
With the emerging interest in personalized medicine, there is strong demand for new technologies
for clinical sample interrogation. Exfoliated tumor cells in variety of pathological samples (e.g.,
blood, bone marrow, urine) could provide invaluable information for diagnosis and prognosis of
cancers. Here we describe a detailed method for capture and isolation of tumor cells in medium,
blood, or large-volume buffy coat using EpCAM-targeted buoyant microbubbles (MBs).
Perflorohexane gas lipid shell MBs were prepared with emulsification method and conjugated
with antibody as described by us before (Shi et al,. PLoS One, 2013). The binding of EpCAM-
targeted MBs to A549 (human lung carcinoma) and 4T1 (mouse breast carcinoma) cells spiked
into BSA/PBS or blood was more than 90%, which was comparable with commercial anti-
EpCAM immunomagnetic beads (DynaBeads). Anti-EpCAM MBs efficiently (75–82%) isolated
BxPC3 pancreatic tumor cells spiked into medium, blood or a buffy coat, within 15–30 min of
incubation. We discuss MB parameters and experimental conditions critical to achieve efficient
cells binding and isolation. In conclusion, MB-assisted cell isolation is a promising method for
rapid enrichment of cells and biomarkers from biological samples.

1. INTRODUCTION
1.1. Tumor cell isolation methods

A key component of cancer progression is the shedding of malignant circulating tumor cells
(CTCs) into blood (1–3). Isolation and analysis of CTCs could provide invaluable
information for the diagnosis and prognosis of cancer patients (1, 4–8). Several isolation
methods from blood are currently available. The crude enrichment (de-bulking) could be
achieved by density-gradient centrifugation or Ficoll-Paque gradient (9, 10). These
procedures eliminate most of the red blood cells in a sample, but lead to inevitable loss of
the rare cells of interest. Another common strategy is to isolate CTCs directly from blood
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using immunomagnetic beads. Magnetic beads are nano- to micron-sized particles made of
paramagnetic iron oxide core (i.e., become magnetized when placed into magnetic field) and
are usually polymer-coated to improve solubility and biocompatibility (11). CellSearch
Assay (Veridex) has recently received U.S. Food and Drug Administration clearance for
detection of CTCs in metastatic breast cancer patient. In this technique, anti-epithelial cell
adhesion molecule (EpCAM)-coated, micron-sized magnetic beads capture the CTCs in
blood and then are trapped by an external magnetic field to wash away the unbound cells.
The capturing efficiency of rare tumor cells with magnetic beads ranges between 60–90%
(12, 13). The most significant limitations of the assay are its relatively long processing time,
non-specific carryover and contamination with leukocytes (14–17). Recently, the field of
CTC isolation witnessed a surge of technologies, including microfluidics and filtration.
These state-of-the-art technologies allow to isolate, count and even to manipulate single
CTCs (18–21). At the same time, there is a continuing interest in development and testing of
cost-efficient, scalable and simple technologies for CTC isolation.

1.2. Microbubbles for cell isolation
Perfluorocarbon gas microbubbles (MBs) are very well described as ultrasound contrast
agents (22, 23). For the lipidic MB preparation, a mixture of lipids is homogenized in the
presence of gas. Perfluorocarbon gas is especially suitable due to its low solubility in water,
which is necessary for maintaining the stability of MBs in the aqueous phase (22). Gas
solubility and its partial pressure also determine the size of the MB (22, 24). Presence of
perfluorocarbon gas makes the MBs buoyant. The use of MBs for the flotation separation of
tumor cells could be an attractive alternative to immunomagnetic separation. We previously
reported preparation and isolation of tumor cells using anti-EpCAM MBs (25). The principle
of buoyancy separation is schematically shown in Fig. 1. Here we present a detailed method
for preparation of MBs and testing the binding and separation of tumor cells in biological
media.

2. MICROBUBBLE PREPARATION
2.1 MB formation by emulsification

1. Solutions of DSPC (Avanti Polar lipids), DSPE-PEG-3400-maleimide (Laysan Bio,
Inc.) and PEG40-stearate (Sigma) in chloroform are mixed at 10:1:1 mole ratio in a
2ml borosilicate glass vial (100–300 nmoles total lipid) and dried under argon
stream.

2. The film is rehydrated in 1 ml phosphate-buffered saline (PBS, pH 7.4) at room
temperature for 5 minutes.

3. The dispersion is sonicated under perflorohexane gas (Alfa Aesar) atmosphere by
sonication (30-second cycle, 3–5 cycles total) using a MISONIX XL-2000 probe
sonicator at power setting “1.”

4. Excess phospholipid membrane fragments and small MBs are removed by gentle
centrifugation at 50g for 1 minute, repeated three times, and MBs are resuspended
in 1ml PBS.

5. Following preparation, MBs are counted and sized using Countess™ cell counter
(Invitrogen). Usually, the preparation results in MB concentration of 1×109/ml.

2.2. Conjugation of targeting antibodies
1. AffiniPure goat anti-rat or rabbit anti-mouse IgG, both Fc fragment specific

(Jackson ImmunoResearch) are thiolated using Traut’s reagent (2-iminothiolane,
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Thermo Scientific) using 40:1 molar excess over antibody for 2h and washed with
Zebra desalting column (Thermo Scientific).

2. Thiolated IgG is added to maleimide MBs at 40μg/ml and incubated with mixing at
10rpm for 1h.

3. MBs are washed 4 times and incubated with mouse anti-human CD326 (EpCAM)
antibody (Bio Legend) or rat anti-mouse CD326 antibody (Bio Legend), 5μg total
for 1h and then washed 3 times and resuspended in 1ml PBS. After conjugation and
washing steps, MB concentration should be between 1×108/ml and 5×108/ml.

4. In order to verify antibody coating, the resulting MBs are stained with Alexa Fluor
488 secondary IgG (Invitrogen) for 10 min and washed 3 times.

2.3. MB characterization
MB preparation is shown schematically in Fig. 2A. As a result of washing steps, MBs
should be enriched for large sized population, with average diameter between 3 and 5 μm
(Fig. 2B). Microbubbles should float within a few minutes after resuspension (Fig. 2C). The
MBs should be homogenously coated with anti-EpCAM antibody (Fig. 2D). At 7–10 mol%
DSPE-PEG3400 maleimide, MBs have optimal coating with anti-EpCAM IgG.

3. BINDING AND ISOLATION OF CELLS
3.1. MB–cell binding

In order to test the binding efficiency of anti-EpCAM MBs to tumor cells, EpCAM-positive
human lung carcinoma A549 cells and mouse breast carcinoma 4T1 cells were used. The
general method to test the binding efficiency of freshly prepared MBs is as follows:

1. Tumor cells are detached with trypsin, washed once in full medium, resuspended in
buffer or cell medium at 1 × 106 cells/ml.

2. Human donors’ blood is diluted 1:3 with PBS and centrifuged at 1500g for 15 min.
The washing step in PBS is repeated once more. The purpose of washings is to
eliminate most of the plasma since MBs are less stable in whole blood.

3. Tumor cells are added to 1 ml of 1% BSA/PBS buffer, medium or blood at 1 × 105

cells/ml, followed by EpCAM-targeted MBs or control (first antibody only) MBs at
MB/cell ratio 1:100–1600);

4. The cells are mixed at 10–30 rpm on a vertical rotator for 15 min;

5. Twenty microliters of cell suspension is placed on a slide, covered with cover glass
and the binding efficiency is determined as a percentage of cells having at least one
MB attached.

Following incubation with 4T1 cells, anti-EpCAM MBs formed characteristic rosettes (Fig.
3A), whereas control MBs did not show significant binding (Fig. 3B). Additional strategy to
quantify binding efficiency is to prepare MBs with 0.1% DiI (1,1′-dioctadecyl-3,3,3′,3′-
tetramethylindocarbocyanine perchlorate, Biotium). Following incubation with DiI labeled
MBs, cells were analyzed with flow cytometry. 4T1 cells coated with EpCAM MBs became
fluorescent, while control MBs showed minimal shift in cell fluorescence (Fig. 3C). The
binding efficiency of 4T1 cells was over 80% (Fig. 3D). Anti-EpCAM MBs also bound to
A549 cells in 1 ml of 1% BSA in PBS or in human blood with over 90% efficiency (Fig.
4A,B). Commercial anti-EpCAM-coated magnetic beads (DynaBeads® Epithelial Enrich,
Invitrogen) showed similar binding efficiency (>90%) in BSA/PBS (Fig. 4A) and blood
(Fig. 4B).
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3.2. Cell isolation
3.2.1. Isolation of large numbers of tumor cells with MBs and DynaBeads—
Isolation of GFP-BxPC3 pancreatic carcinoma cells by MBs and beads from PBS or
heparinized donor blood was performed according to the following general protocol:

1. Tumor cells at 1×105/ml are added to 1 ml BSA/PBS buffer or plasma-depleted
human blood (3.1) in eppendorf tube, followed by anti-EpCAM MBs (1×107) and
incubated with mixing as described in 3.1. Anti-EpCAM DynaBeads are prepared
according to the manufacturer’s instruction and added to cells at 1×107 beads/ml.

2. After 30 min incubation step, tube with MBs is inverted and centrifuged at 100g or
1,000g for 2 min. The inverted conical bottom part of the tube is cut off and 500–
700 μl PBS is added to bring the level of MBs up. MB layer is carefully harvested
into a new eppendorf tube for counting. DynaBeads are separated with external
magnet (StemCell Technologies), washed 3 times with 1 ml of cold buffer (PBS w/
0.1% BSA and 0.6% sodium citrate) and collected into a new eppendorf tube for
counting.

3. For counting of nucleated cells, the isolated fraction is stained with 1 μg/ml
Hoechst 33342 dye (Invitrogen). MBs can be briefly (1s) bath sonicated and
destroyed prior to the counting. The cell recovery is determined by counting GFP-
positive cells under microscope with hemocytometer.

According to Fig. 5A, MBs and magnetic beads show diametrically different principles of
cell separation. As a result of a separation, MBs form a foamy layer on top of the tube,
whereas magnetic beads form slurry on the tube. The GFP+/Hoechst+ tumor cells isolated
with either method should be readily distinguishable under microscope from GFP−/Hoechst
+ leukocytes (Fig. 5B). According to Fig. 5C, MBs efficiently isolated the cells from BSA/
PBS or blood (75%), which is similar to DynaBeads, but the isolation efficiency decreased
to 45% when MBs are centrifuged at 1,000g. According to our earlier theoretical
calculations (25), MBs can detach from tumor cells at high centrifugation speeds.

3.2.2. Isolation of rare cells from large volume of biological media—Tumor cells
are present in blood at extremely low concentrations (12), therefore the method should be
capable of isolating single cells. Recently, we described the isolation of rare cells from 1–7
ml blood (25). Below, we describe isolation of rare BxPC-3 cells from large volume of cell
medium or buffy coats. The cell isolation setup was similar to the one described in 3.2.1, but
instead of collecting MBs into an eppendorf tube, they were collected on a nitrocellulose
membrane in order to immobilize the cells and facilitate staining for cytokeratin (cells were
not-GFP labeled in this experiment).

1. Buffy coats derived from donor blood (22 ml from 125 ml whole blood, San Diego
blood bank) are washed twice in PBS by centrifugation at 1500g for 15 min and
resuspended in the original volume with PBS.

2. Tumor cells are added to 22 ml buffy coats in 50ml polypropylene tube. In another
tube, the same number of cells is added to 22ml of FBS-supplemented cell medium
(RPMI).

3. Anti-human EpCAM MBs are added (0.5×108 total amount) to tubes with buffy
coat and medium and mixed at 30rpm for 15 min.

4. Tubes are inverted and centrifuged at 100g for 2 min.

5. The conical bottom of the tube (while the tube is in the inverted upright position) is
cut off, 30 ml PBS are added and the tubes are centrifuged again. Alternatively, the
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bottom of the tube may be cut off prior to the experiment and sealed with Parafilm
during the incubation.

6. MB layer on top of the tube (Fig. 6A) is carefully transferred to 1cm × 1cm
nitrocellulose membrane. The same amount of cells that was spiked in the buffy
coats is applied on another piece of membrane.

7. Membranes are washed 3 times with 0.5ml ice-cold isopropanol (to destroy MBs),
blocked with 10% mouse serum for 1h, stained with anti-Pan-cytokeratin antibody
(eBioscience, cat. 53-9003-80) and mounted with Hoechst on a slide.

8. CK+/Hoechst+ tumor cells in “applied” sample and “recovered” samples are
counted under microscope.

According to the results of a representative experiment (Fig. 6B), out of 70 cells applied,
MBs recovered 58 cells from buffy coat, and 52 cells from medium.

4. CRITICAL MB PARAMETERS FOR EFFICIENT ISOLATION
1. According to our previous theoretical calculations (25), MB size is the most

important parameter in order to achieve cell isolation, since it is tied to buoyancy
(the larger the diameter, the faster the separation). We increased the average MB
size by washing away small MBs. Microfluidic manufacturing is another method
for preparation of large-size uniform MBs (26).

2. Another important parameter is antibody density on MB surface. At 100g, around
13 antibodies are required to hold the MB–cell equimolar complex together due to
tension forces (25). High density of antibody coating is achieved by using high
mole-percent of DSPE-PEGmaleimide for MB preparation.

3. Centrifugation speed is critical. At high speed, cells may detach from MBs and
sediment. At 1000g, over 130 attachments are needed to hold the MB–cell
equimolar complex together (25). Since the expected number of EpCAM molecules
at the cross-section of MB–cell attachment (0.2–0.5 μm2) is less than 130 (27), the
centrifugation force should be limited to sub-1,000g forces (25).

5. CONCLUSIONS
Buoyant MBs coated with anti-EpCAM antibody efficiently and quickly isolate various
tumor cells spiked into biological media including blood and buffy coats. The isolated cells
could be immobilized, immunostained and enumerated. Despite the fact that MBs and beads
showed similar isolation efficiency, it is plausible to suggest that MBs can deliver cells in a
more concentrated manner (Fig. 4A). Also, our previous experience suggests that MBs result
in less leukocyte contamination than magnetic beads (25). MB method could be a useful tool
in life sciences as an alternative to or in combination with immunomagnetic beads.
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Figure 1.
Overall concept of microbubble (MB) isolation of cancer cells, whereby attached MB drags
the cell up due to buoyancy force and the blood cells (WBC=white blood cell, RBC=red
blood cell) settle down due to weight (centrifugal force).
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Figure 2.
Preparation and characterization of MBs. (A) Maleimide-MBs are coated with anti-
Fcspecific antibody and anti-EpCAM antibody in a two-step process. (B) Resulting MBs
have a broad size distribution, as measured with Countess™ cell counter software. (C) MBs
float soon after redispersion. (D) Microscope images of the resulting MBs after staining of
anti-EpCAM IgG with Alexa 488-labeled secondary antibody. Inset shows cropped image of
a MB with characteristic “dentate” fluorescence. Size bar 20 μm.
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Figure 3.
Measuring binding efficiency of MBs to 4T1 cells. (A) Anti-EpCAM MBs and control MBs
were added to breast cancer 4T1 cells in 1% BSA/PBS. Targeted MBs but not control (first
Ab only) MBs bind to the cells and form rosettes as observed under microscope. (B)
Binding efficiency of DiI labeled anti-EpCAM MBs to 4T1 cells can be quantified with flow
cytometry. Cell population becomes shifted on the dot plot, due to the binding of DiI MBs.
In this experiment, 69% of the cells became coated with fluorescent anti-EpCAM MBs.
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Figure 4.
Binding of anti-human EpCAM MBs and DynaBeads to A549 lung carcinoma cells. (A)
Efficiency of binding in PBS. Image shows A549 cells coated with targeted MBs. (B)
Efficiency of binding in human blood. Image below shows A549 cells coated with targeted
MBs among erythrocytes. MBs and DynaBeads demonstrate similar binding efficiency.
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Figure 5.
Isolation of GFP-positive BxPC3 pancreatic carcinoma cells from 1 ml blood with anti-
EpCAM MBs and magnetic beads. (A) MBs after centrifugation form white pellet on top of
the liquid. DynaBeads form slurry on the side of the tube after washing with external
magnet. (B) Tumor cells are distinguished from leukocytes due to GFP/Hoechst label
(arrow). (C) Effect of centrifugation speed on the recovery of BxPC3 cells from BSA/PBS
(white bars) or blood (grey bars). Isolation efficiency in the MB layer decreased with 1000g
force, possibly due to the tumor cell detachment from MBs. At 100g, the isolation efficiency
was similar to DynaBeads.
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Figure 6.
Isolation of spiked tumor cells from large volume of buffy coat or medium. (A) BxPC3 cells
(non-GFP) were spiked into 22 ml medium (left tube) or 22 ml plasma-depleted buffy coats
(right tube) and isolated with MBs. Arrows point to the MB layer. (B) Isolation (recovery)
efficiency was determined after staining with cytokeratin (CK) antibody and Hoechst and
counting CK+/Hoechst+ cells with fluorescent microscope.
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