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Abstract
A highly efficient process using iron oxide magnetic nanoparticles (IO)-based immunomagnetic
separation of tumor cells from fresh whole blood has been developed. The process involved
polymer coated 30 nm IO that was modified with antibodies (Ab) against human epithelial growth
factor receptor 2 (anti-HER2 or anti-HER2/neu) forming IO-Ab. HER2 is a cell membrane protein
that is over expressed in several types of human cancer cells. Using a HER2/neu over expressing
human breast cancer cell line, SK-BR3, as a model cell, the IO-Ab was used to separate 73.6 %
(with a maximum capture of 84%) of SK-BR3 cells that were spiked in 1 mL of fresh human
whole blood. The IO-Ab preferentially bound to SK-BR3 cells over normal cells found in blood
due to the high level of HER2/neu receptor on the cancer cells unlike the normal cell surfaces. The
results showed that the nanosized magnetic nanoparticles exhibited an enrichment factor (cancer
cells over normal cells) of 1:10,000,000 in a magnetic field (with gradient of 100 T/m) through the
binding of IO-Ab on the cell surface that resulted in the preferential capture of the cancer cells.
This research holds promise for efficient separation of circulating cancer cells in fresh whole
blood.
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INTRODUCTION
Cancer is one of the biggest public health concerns in the United States and the rest of the
world. Currently, one in four deaths in the US are due to cancer and a total of 1,529,560 new
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cancer cases with 569,490 deaths from cancer were projected in 2010 [1]. The three most
commonly diagnosed types of cancer among women in 2010 were cancer of the breast, lung
and bronchus, and colon/rectum; accounting for 52% of estimated cancer cases in women.
Breast cancer alone is expected to account for 28% (207,090) of all new cancer cases among
women; it is the most common cancer diagnosed and the second leading cause of cancer
death in women in the US [1-3].

Research showed that circulating tumor cells (CTCs) can be found in patients before the
primary tumor is detected [4-11]. A few CTCs may be present in peripheral blood in the
background of billions of normal white blood cells (WBCs) and red blood cells (RBCs),
especially during the early stage when the primary tumor is not detectable by currently
available methods. In addition to a potential role in early diagnosis and prognosis, the
detection of CTCs can guide therapeutic strategies for personalized treatment of patients
with metastatic cancer. However, the most challenging obstacle in the separation and
detection of CTCs is their extremely low concentration. Human blood normally consists of
WBCs (3~10×106 mL−1), RBCs (3~9×109 mL−1), and platelets (2.5~4×108 mL−1). The
number of CTCs in blood from a cancer patient may range from 0-50 mL−1 [12]; that is 0 to
50 CTCs in 10 billion blood cells [13]. Due to the rarity of the CTCs, existing
immunomagnetic cell separation techniques lack the ability to separate the CTCs directly
from whole blood [14-17].

This report is focused on the use of nanoparticles to replace the currently used micron sized
magnetic beads (microbead) modified with specific antibodies that recognize the over
expressed cancer cell surface protein [18]. Unlike the nanoparticles, the microbead-based
magnetic separation has several limitations. First, microparticles have relatively low surface
to volume ratio causing lower binding capacity and lower efficiency which is not favorable
especially for tagged ligands that have low affinity constant for their receptors. Decreasing
the particle sizes used in magnetic separations from micrometers to nanometers increases the
available adsorptive areas by 100 to 1000 times [19]. Second, the reaction between
microparticles and target cells is a quasi-heterogeneous reaction, hence, the microbeads
generally takes longer time to capture the target cells in the suspensions. Third, these
magnetic microbeads are not stable in whole blood forming aggregation or precipitation,
thereby, leading to inefficient separation. Fourth, magnetic microbeads are generally not
efficient for the separation of target cells in whole blood because of high viscosity, high cell
density, high protein content, and its generally complex composition preventing efficient
contact the cell surface antigen [20-22]. Furthermore, the magnetic separation of the CTCs is
limited by aggregation when a large number of microbeads accumulate on the cells. Once
aggregated, cell detection becomes difficult especially with flow cytometry, because the size
of the aggregated cells that are captured with the microbeads affect light scattering [23].
Complicated pretreatment of blood such as dilution with buffers, centrifugation to get the
buffy coat, and lysis of the RBCs, are necessary for the successful application of these
magnetic microbeads [24]. These pretreatment processes can destroy the cells decreasing the
cell density and at the same time, decreasing the number of CTCs making the detection
more difficult. These problems and issues in magnetic-microbead based separation of CTCs
may be solved with the use of nanoparticle which are three orders of magnitude smaller in
size. Nanoparticles have a higher surface to volume ratio allowing a more efficient contact
with the surface of the cells. The nanoscale dimensions allow multiple nanoparticles to be
attached to the cell surface without cell aggregation resulting in higher magnetic
susceptibility as depicted in Figure 1.

In this paper, we demonstrated the separation of circulating cancer cells using an antibody
conjugated IO nanoparticles (IO-Ab) under a low magnetic field gradient. The IO
nanoparticles were synthesized using pyrolysis-based method in organic solvent allowing
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precise control of particle size and crystallinity. The IO nanoparticles which were soluble
only in organic solvent were modified with polymers to make them water soluble before
modification with the antibody that was used to capture the cancer cells. Efficiency of
antibody attachment to the IO nanoparticles were investigated with gel electrophoresis while
the efficiency of cell capture were monitored with Prussian blue staining and TEM. After
stability evaluation, the antibody conjugated IO nanoparticles were used for cancer cell
separation in buffer. We also demonstrated ability of the IO-Ab to capture cancer cells in
spiked fresh human whole blood without a pre-treatment process.

Materials and Methods
Water soluble magnetic iron oxide nanoparticles

Hydrophobic IO nanoparticles were prepared using iron oxide powder as the iron precursor,
oleic acid as the ligands, and octadecene as the solvent as previously described [25]. To
convert the IO into biocompatible nanoparticles, these were coated with amphiphilic
polymers reported previously [26]. The polymer coating provided reactive carboxyl groups
on the particle surface that was used for bioconjugation. The water soluble polymer coated
IO nanoparticles were purified by using a SuperMag Extra™ separator (Ocean NanoTech,
Springdale, AR). The core size of the hydrophobic IO nanoparticles and the hydrophilic
nanocrystal size (with the background stained with 2% phosphotungstic acid) were
measured using transmission electron microscopy (TEM). The IO core nanoparticles used in
this study exhibited a diameter that was approximately 30 nm.

Bioconjugation with anti-HER2 antibody
Antibody against HER2, Anti-HER2, (Herceptin, Genentech, Inc. South San Francisco, CA)
was dialyzed in borate buffer and the concentration was established with a Biophotometer
(Bio-rad, Philadelphia, PA). The Anti-HER2 was conjugated to the 30 nm diameter IO
nanocrystal using a covalent link with the amine group (−NH2) of the antibody and the
carboxyl group (−COOH) of the IO nanoparticles. Briefly, the IO nanoparticles (5 mg Fe/
mL) were activated by adding and incubating with sulfo-N-hydroxysuccinimide (NHS,
Sigma-Aldrich, St. Louis, MO) at a molar ratio 1000:1 and 1-ethyl-3, 3-
dimethylaminopropyl carbodiimide hydrochloride (EDC, Sigma-Aldrich, St. Louis, MO) at
molar ratio 2000:1 for 20 minutes in borate buffer, pH 5.5, after which the pH was adjusted
to 8.0. The protein, 1 mg of anti-HER2 was added immediately, mixed well, and incubated
for 2 h at room temperature. The resulting antibody nanocrystal conjugates, IO-Ab, were
purified using a SuperMag™ separator (Ocean NanoTech, Springdale, AR) with magnetic
field gradient of 100 T/m.

The antibody conjugated IO nanoparticles were characterized with a gel electrophoresis
apparatus (Bio-Rad, Hercules, CA) using 1.5% (w/v) agarose gel in Tris-acetate-EDTA
(TAE) buffer, pH 8.5. For each well, 10 μL of the conjugates at 2 mg Fe/mL were mixed
with 2 μL of 5×TAE loading buffer (5×TAE, 25% (v/v) glycerol at pH 8.5) before loading
into the gel. The gel was resolved at 100 V for 30 min and the photo was taken with 2 s
exposure using an Alpha Imager HP 2006 (Alpha Innotech, San Leandro, CA). The
hydrodynamic size and the zeta potential of the IO nanoparticles before/after conjugation
with the antibody were determined using Zetatrac Ultra 151 (Microtrac Inc.,
Montgomeryville, PA). TEM images of the IO-Ab were obtained after background staining
with phosphotungstic acid.

Stability tests of the conjugates in biological fluids
The stability of IO nanoparticles with/without antibody conjugation was tested with different
biological matrices including: DPBS (Invitrogen, Carlsbad, CA), DPBS + bovine serum
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albumin (BSA), RPMI-1640, RPMI-1640 medium (Invitrogen, Carlsbad, CA) supplemented
with 10% heat-inactivated fetal bovine serum (FBS) and 1% streptomycin/penicillin
(HyClone, Logan, UT), and human plasma (ProteoGenex, Culver City, CA). Briefly, 10 μL
of IO-Ab at 2 mg Fe/mL was added to 90 μL of each solution, and incubated at 37°C for 30
min. Low speed centrifugation at 3000 rpm for 5 min was applied to remove the aggregates.
Agarose gel electrophoresis was used to establish possible aggregation because in a gel,
aggregated nanomaterials get deposited on the wells after electrophoretic resolution.
Changes in surface charge was measured with a Zetatrac Ultra 151.

Cell Culture
Human breast cancer cell line SK-BR3 which is HER2 positive was purchased from
American Type Culture Collection (Rockville, MD). SK-BR3 cells were cultured in a flask
containing RPMI-1640 medium supplemented with 10% heat-inactivated FBS and 1%
streptomycin/penicillin. The flask was placed in a humidified atmosphere with 5% CO2 at
37°C in a cell culture incubator (Sanyo, Japan). The media was replaced once every three
days. The cells were cultured to about 80-90% confluence before harvest. During harvest,
the cells were washed twice with DPBS (HyClone, Logan, UT) followed by trypsinization
with 1 mL trypsin (HyClone, Logan, UT) to detach the cells from the flask. The trypsin was
neutralized by adding 5 mL of fresh supplemented RPMI-1640 medium, and the harvested
cells in medium suspension was transferred into a centrifuge tube and centrifuged at 250 × g
for 5 min. The supernatant was discarded and the cells were resuspended in fresh medium.
The cells were stained with trypan blue and inspected with a hemocytometer under an
inverted microscope (Leica, Germany) to establish the cell viability and cell count.

Prussian blue staining of the IO-Ab captured SK-BR3 cells
To determine tagging of the SK-BR3 with the IO-Ab, potassium ferrocyanide and HCl
staining was used. The potassium ferrocyanide and HCl mixture converts the IO from the
IO-Ab accumulated on the cells into KFeIII[FeII(CN)6] which is blue in color.

Approximately 1×105 SK-BR3 cells were seeded in each well of a 6-well cell culture plate
on the day before Prussian blue staining. Right before IO-Ab addition, the cells were fixed
with ice-cold 95% EtOH for 15 min. This was followed by addition of IO-Ab (as 0.5 mg Fe)
or IO (as 0.5 mg Fe) nanoparticles in the binding buffer (20 mM Tris, 150 mM NaCl, 2 mM
CaCl2, 1 mM MnCl2, 1 mM MgCl2, 0.1% (wt/vol) BSA; pH 7.4). The wells were incubated
at room temperature for 1 h with gentle shaking. The excess reagents were removed and the
cells were washed three times with DPBS buffer. Subsequently, the cells were incubated
with Prussian blue staining solution (equal volumes of 20% hydrochloric acid and 10%
potassium ferrocyanide aqueous solution) for 40 min at room temperature. The cells were
washed twice with DPBS buffer and then placed under the microscope for inspection.

TEM of antibody-conjugated IO nanocrystal separated SK-BR3 cells
To inspect the IO-Ab + SK-BR3 capture efficiency under TEM, SK-BR3 cells were
captured and separated with IO-Ab. The IO-Ab + SK-BR3 was fixed following the standard
tissue fixation steps as reported [27]. The cell samples were then sliced and put on the 400
mesh copper grids for TEM.

Antibody conjugated IO nanoparticles separation of SK-BR3 cell surface protein (HER2)
To release the surface protein, SK-BR3 cell (106 cells) lysate was prepared using sodium
dodecyl sulfate (SDS) following the standard protocol. The protein extract from the cell
lysate was isolated with a Norgen protein extraction kit (Norgen Biotek Corp, Thorold,
Canada) following the manufacturer’s instructions. IO-Ab were used to isolate the HER2
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protein from the cell lysate in the presence of a permanent magnet. A 20 uL sample of the
protein extract was added to 930 μL DPBS buffer followed by 50 μL of IO-Ab
(concentration expressed as 2 mg Fe/mL) and reacted at room temperature for 20 min with
gentle shaking. This was incubated in Ocean’s SuperMag™ separator for 1 h. The
supernatant was discarded and the pellets were re-suspended in 5 μL DPBS. Carboxyl
functionalized IO nanoparticles without anti-HER2/neu was similarly exposed to the protein
extract as negative control.

SDS-PAGE was used to evaluate the IO-Ab capture efficiency for the HER2 protein. A
Novex® Sharp pre-stained protein standard (Invitrogen, Carlsbad, CA) was used as
molecular weight marker. The cell lysate, the cell whole protein extract, and IO-Ab captured
protein were loaded on the SDS-PAGE and electrophoresis was carried out at 100 V for 30
min. The resulting gel was stained with Coomassie brilliant blue R25 to detect the protein
bands. The gel photo was taken with 2 s exposure using an Alpha Imager HP 2006.

Cancer cell separation with IO-Ab in spiked fresh human whole blood
To establish the applicability of the IO nanoparticle mediated isolation of cells, fresh human
whole blood was spiked with cancer cells. Fresh female whole blood was purchased from
Biological Specialty Corporation (Colmar, PA) certified with no hepatitis or HIV
contamination. The whole blood was diluted with DPBS and stained with acridine orange
(AO) that stained the WBCs nuclei to pinkish yellow color without affecting the RBCs in
order to establish the number of WBCs and RBCs. Briefly 10 μL of whole blood was diluted
at 1:100 with DPBS and mixed with the AO at a ratio of 1:1. The mixture was incubated for
10 min at room temperature; the cells were pelleted by centrifugation at 5,000 rpm for 5
min. Excess AO was washed with DPBS two times. The AO stained cells were counted
using a hemocytometer under a fluorescence microscope. All the experiments involving
human blood were performed in a BSL2 laboratory.

Cultured SK-BR3 cells were pre-stained with a live cell staining fluorescent dye CMFDA
(Invitrogen, Carlsbad, CA) that converted the cells to green color following the
manufacture’s staining protocol. The cells were counted and spiked in 1 mL whole blood
sample. A 0.05 mL of IO-Ab nanoparticles at a concentration expressed as 2 mg Fe/mL was
added to the SK-BR3 spiked whole blood and mixed gently at room temperature for 1 h to
form IO-Ab + cells. The mixture was placed on a SuperMag™ separator for 1 h to allow
magnetic isolation of the IO-Ab + cells. The supernatant fluid was gently withdrawn with a
pipettor making sure not to disturb the captured IO-Ab + cells that stuck on the wall of the
tube where the magnetic field was strongest. The captured pellet containing the IO-Ab +
cells were re-suspended in 100 μL DPBS for cell inspection and counting.

Statistical analyses
The data gathered were analyzed using the statistical program SigmaPlot 8.02 (SPSS, Inc.,
Chicago, USA). All the tests were performed at least in duplicate.

Results and discussion
Characterizations of IO nanoparticles

Initially, the IO nanoparticles were synthesized using a modified pyrolysis-based method in
organic solvent [25]. These IO nanoparticles were spherical, hydrophobic, highly ordered
Fe3O4 crystals, with an average inorganic core diameter of 27±5 nm (relative standard
deviation of 9.5% for n=50) as shown in Figure 2A. These hydrophobic core IO
nanoparticles were converted into the biocompatible water soluble form with the use of
amphiphilic polymer that interacted with the original hydrophobic oleate coating resulting in
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a double layered structure with carboxyl groups on the surface. The functionalization led to
6 nm in total extra thickness that resulted in an average hydrodynamic size of 33 nm in
aqueous suspension (Figure 2C). When the IO nanoparticles were conjugated with anti-
HER2, the particle size and surface charge increased as a result of the 2-4 nm diameter
antibody. The antibody attachment on the IO surface was manifested in the phosphotungstic
acid background stained TEM (Figure 2B), presenting a thicker layer compared with the
TEM of the IO inorganic core alone (Figure 2A). As shown in Figure 2C, the hydrodynamic
size of IO-Ab nanoparticles was 41 nm showing an increase of about 8 nm in diameter. In
addition, after the antibody conjugation, a decrease in zeta potential from −51 mV to −36
mV was also observed.

As shown in Figure 2D, the migration of the IO-Ab in agarose gel towards the positive pole
was much slower than the IO without the Ab. This may be attributed to the bigger and
higher molecular weight IO-Ab with a less negative zeta potential. The less negative zeta
potential may be attributed to the surface charge shielding of the carboxyl groups after these
were reacted with the amine groups on the antibodies. The increase in size may be attributed
to the conjugation of the antibodies plus the water of hydration on the conjugate surface.

Stability in biological fluids
The most common problem for biological applications of nanomaterials is their
compatibility with various biological conditions of temperature, pH, salinity, viscosity,
toxicity, and many more [28-30]. Some engineered nanomaterials release heavy metal ions
and cause harm to biological samples because of their instability in biological conditions
[31]. Other nanoparticles are not stable in biological fluids hindering their biological
applications [32]. Thus, we tested the stability and compatibility of our IO nanoparticles and
their conjugates in different biological buffers and fluids. As shown in Figure 3, antibody
conjugated IO were stable in all the biological buffers/fluids tested whereas, carboxyl
functionalized IO showed severe precipitation in RPMI-1640 medium (these test were
repeated twice). Thus, it was necessary for the cells to be removed from RPMI-1640
medium when exposed to the IO-Ab conjugates.

Antibody-conjugated IO nanocrystal separation of SK-BR3 cells in buffer
When antibodies are conjugated to a molecule, there is always the possibility that the
binding affinity and binding efficiency may be affected. It is also possible that binding from
the molecular to cellular level can be changed because of the size of the cell membrane as
well as non-specific binding of the IO nanoparticles.

In order to study the affinity and specificity of the IO-Ab mediated protein capture forming
IO-Ab+HER2, Prussian blue staining was used to exhibit specific attachment to the cell
surface. The Prussian blue concept was based on the formation of blue coloration in the
presence of Fe ions. As shown in Figure 4A, cells that were specifically labeled with IO-Ab
showed very significant dark blue coloration, whereas the carboxyl functionalized IO
without anti-HER2 antibody that were non-specifically bound to the cells showed less blue
coloration (Figure 4B). Thus, the amount of non-specifically attached IO on the cell
membrane was insignificant compared with the amount of attached IO-Ab. The Prussian
blue staining confirmed specific binding of the IO-Ab on the targeted cells that were isolated
with a permanent magnet.

Additionally, the evidence of the presence of IO on the cell surface was confirmed by TEM.
As shown in Figure 4C and 4D, IO nanoparticles were found on the cell membranes which
may be attributed to the specific targeting with the conjugated anti-HER2/neu. The high
density of IO on the cell membrane indicated that small sized nanoparticles were highly
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efficient in targeting the cells which allowed ease of separation without cell membrane
damage preserving the integrity of the cells. However, cellular uptake of the IO-Ab were
observed under TEM, as shown in Figure 4E, where cellular vesicles were found to contain
IO. The endocytotic pathway is usually the main mechanism for cell ingestion of
extracellular substances, which can further be confined inside endosomes and digested by
enzymes to protect the cell itself. Compared with the number of particles specifically
attached on the cell surface, the intracellular cell uptake of the IO was insignificant.

Antibody conjugated IO nanoparticles separation of SK-BR3 cell surface protein (HER2)
HER2 is a cell membrane surface-bound protein receptor tyrosine kinase and is normally
involved in the signal transduction pathways leading to cell growth and differentiation [33].
HER2/neu is over expressed in 20 to 30% of human breast cancer tissues as well as several
other tumor types [34, 35]. In this study, we extracted the whole surface protein from SK-
BR3 cells and selectively concentrated the HER2 protein with IO-Ab. As shown in the SDS
PAGE results in Figure 5, HER2 protein was selectively captured with the IO-Ab based on
the retarded migration of the IO-Ab on Lanes 5, 6, and 7 in comparison with the original cell
lysate shown on Lane 2 or the whole protein extract on Lane 3. HER2 was not captured with
carboxyl functionalized IO without the conjugated anti-HER2 (Lane 4). These results
indicated that capture and enrichment of the HER2 was achieved only when IO was
conjugated with the specific antibody.

It was previously reported that SK-BR3 cells express as much as 1×106 to 2.6×106 HER2
receptors per cell, whereas the normal cells express only 2×104 HER2 receptors per cell
[36-38]. Used as a target protein, the HER2 cell membrane surface proteins are good
candidates for whole cancer cell capture and separation using the IO-Ab. This difference in
the number of HER2 receptors between SK-BR3 cell and white blood cell was used to
demonstrate the application of magnetic IO nanoparticles for efficient targeted cell
separation and enrichment from whole blood.

Cancer cell separation with antibody conjugated IO nanoparticles in whole blood
To demonstrate the effectiveness of IO-Ab to capture CTCs in whole blood, we used SK-
BR3 cells spiked in fresh human whole blood. The results are shown in Figure 6. To
generate this data, the number of white blood cells in commercial female whole blood was
counted at 4.2×107 cells/mL and the red blood cells at 4.4×109 cells/mL. During the cancer
cell separation process, 300 of the CMFDA pre-stained SK-BR3 cells (Figure 6A) were
added to 1 mL whole blood with a ratio of cancer cells to blood cells (WBCs and RBCs) at
about 1:10,000,000. The spiked whole blood was exposed to the IO-Ab to allow formation
of the IO-Ab + SK-BR3 captured cells. The IO-Ab + SK-BR3 captured cells were
resuspended in 100 μL DPBS, smeared on a clean microscope glass slide, inspected, and
counted under a microscope. The CMFDA stained SK-BR3 cells appeared greenish yellow
in color which were bigger in diameter than the WBCs and RBCs. As shown in Figure 6B,
the SK-BR3 cells were successfully captured directly from spiked fresh human whole blood.
The recovery was as high as 86% with 73.6% in average (N=5) in an unoptimized system,
which was 23.5% better than that reported for magnetic microparticles [39-41]. An
enrichment factor of 1:10,000,000 were attained based on the number of WBCs and RBCs
in the spiked whole blood using our 30 nm diameter iron oxide nanoparticles in the presence
of a low magnetic field gradient. The increased cell enrichment was attributed to the 30 nm
diameter magnetic nanoparticles that allowed for greater number of particles to attach on the
cell surface. The unique features of these hydrophilic biocompatible polymer coated iron
oxide nanoparticles with high mobility, stronger binding ability, and high colloidal stability
in whole blood contributed to the high enrichment factor. The system developed for
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isolation of specific cells using IO nanoparticles that are conjugated to specific antibodies
holds promise for the isolation and enrichment of CTCs in fresh human whole blood.

Conclusion
We demonstrated a highly efficient process using iron oxide magnetic nanoparticles for the
capture and separation of tumor cells from fresh whole blood. The process involved polymer
coated 30 nm IO that was modified with antibodies against human epithelial growth factor
receptor 2 (anti-HER2 or anti-HER2/neu) forming IO-Ab. Using a HER2/neu over
expressing human breast cancer cell line, SK-BR3, as a cell model system, the IO-Ab was
used to separate 73.6 % (N=5, with a maximum enrichment of 84%) of SK-BR3 cells that
were spiked in 1 mL of fresh human whole blood. The IO-Ab preferentially bound with SK-
BR3 cells over normal cells found in blood due to the high level of HER2/neu receptor on
the cancer cell surfaces. The results showed that the nanosized iron oxide magnetic
nanoparticles successfully exhibited 1:10,000,000 enrichment of cancer cells over normal
cells in the presence of a magnetic field gradient of 100 T/m.
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Figure 1.
Schematic diagram of immunomagnetically labeled cell with particles of different diameters.
The number of nanosize particles that can be attached on the cell surface is higher than the
microsize particles because of less steric exclusion.
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Figure 2.
Characterization of IO nanoparticles. A) TEM image of the hydrophobic inorganic core of
the IO nanoparticles, showing a diameter around 27±5 nm (relative standard deviation of
9.5% for n=50); B) TEM image of antibody conjugated biocompatible water soluble IO, IO-
Ab, using phosphotungstic acid for background staining; C) light scattering properties of
biocompatible water soluble IO showing a hydrodynamic size around 33 nm with a zeta
potential of −51mV, and IO-Ab showing a hydrodynamic size around 41 nm and a zeta
potential of −36 mV; D) agarose gel electrophoresis of biocompatible water soluble IO (on
left) and IO-Ab (on right), the electric pole is negative for top and positive for the bottom.
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Figure 3.
Stability test of antibody conjugated IO nanoparticles in biological fluids: 1) carboxyl
functionalized IO nanoparticles control in DDW, 2) IO-Ab nanoparticles control in DDW,
3) carboxyl functionalized IO nanoparticles in DPBS, 4) IO-Ab nanoparticles in DPBS, 5)
carboxyl functionalized IO nanoparticles in DPBS+1% (w/v) BSA, 6) IO-Ab nanoparticles
in DPBS+1% (w/v) BSA, 7) carboxyl functionalized IO nanoparticles in RPMI-1640, 8) IO-
Ab nanoparticles in RPMI-1640, 9) carboxyl functionalized IO nanoparticles in RPMI-1640
supplemented with 10% heat-inactivated FBS and 1% streptomycin/penicillin, 10) IO-Ab
nanoparticles in RPMI-1640 supplemented with 10% heat-inactivated FBS and 1%
streptomycin/penicillin, 11) carboxyl functionalized IO nanoparticles in human plasma, and
12) IO-Ab nanoparticles in human plasma. A) before centrifugation, B) after centrifugation
at 3000 rpm for 5 min, and C) agarose gel electrophoresis.
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Figure 4.
Cell staining with Prussian blue. SK-BR3 cells A) exposed to IO-Ab, B) exposed to
carboxyl functionalized IO; TEM of IO-Ab targeted C) whole cell section under low
magnifications, D) partially magnified cell membrane exposed to IO-Ab; and E) IO-Ab
taken up by the cell.
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Figure 5.
SDS-PAGE of HER2 from SK-BR3 cell lysate . Lane 1: Marker; Lane 2: 106 SK-BR3 cell
lysate; Lane 3: whole protein extract using Norgen kit; Lane 4: control- carboxyl
functionalized IO for capture; Lane 5: IO-Ab for capturefrom non-purified SK-BR3 cell
lysate; Lane 6: IO-Ab capture from purified whole protein extracted from 105 SK-BR3; and
Lane 7: IO-Ab captured HER2 from purified whole protein extracted from 106 SK-BR3.
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Figure 6.
SK-BR3 cell separation in spiked female whole blood. A) SK-BR3 cell pre-stained with
CMFDA, B) isolated CMFDA pre-stained SK-BR3 cells from whole blood, C) IO-Ab
captured cell from spiked whole blood.
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