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Abstract
Cancer is the greatest challenge in human healthcare today. Cancer causes 7.6 million deaths and
economic losses of around 1 trillion dollars every year. Early diagnosis and effective treatment of
cancer are crucial for saving lives. Driven by these needs, we report the development of a
multifunctional plasmonic shell–magnetic core nanotechnology-driven approach for the targeted
diagnosis, isolation, and photothermal destruction of cancer cells. Experimental data show that
aptamer-conjugated plasmonic/magnetic nanoparticles can be used for targeted imaging and
magnetic separation of a particular kind of cell from a mixture of different cancer cells. A targeted
photothermal experiment using 670-nm light at 2.5 W/cm2 for 10 minutes resulted selective
irreparable cellular damage to most of the cancer cells. We also showed that the aptamer-
conjugated magnetic/plasmonic nanoparticle-based photothermal destruction of cancer cells is
highly selective. We discuss the possible mechanism and operating principle for the targeted
imaging, separation, and photothermal destruction using magnetic/plasmonic nanotechnology.
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Cancer presents a great challenge to public health care and the global economy because
mortality and morbidity due to cancer cost nearly 1 trillion dollars a year.1–7 Moreover,
cancer accounts for 13% of all deaths worldwide (2007 data); this trend is projected to
continue rising with estimated 12 million deaths per year by 2030.1–6 As a result, the early
detection and effective treatment of cancer will save not only millions of lives worldwide,
but billions of dollars each year as well. Current treatments based on surgery, radiation
therapy, and chemotherapy are often associated with severe side effects.1–7 Therefore, new
approaches to treat cancer that do not rely on traditional therapeutic regimes are very
important.5–25 Driven by this need, we report a multifunctional plasmonic shell–magnetic
core nanotechnology-driven approach for targeted early detection, isolation, and
photothermal destruction of cancer cells. The elegant multifunctional materials in biological
systems inspire scientists to design analogous hierarchical structures with multifunctional
capabilities characterized by surface-sensitive functions such as sensing, separation, and
selective therapy.15–20 Multifunctional material development is a critical multidisciplinary
and interdisciplinary field of the 21st century for biomedical imaging and therapeutic
action.8–30
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As reported during the last decade, plasmonic gold nanoparticles and super paramagnetic
iron oxide nanoparticles are highly promising therapeutic agents.8–64 Upon successful trials,
they may be used as drugs in photothermal therapy. Gold nanoparticles of different sizes and
shapes with optical properties tunable in the near-infrared (NIR) region are very useful for
cancer imaging as a result of their high transmission rate through biological
tissues.8–17, 45–60 On the other hand, iron oxide magnetic nanoparticles have been used as
contrast agents in magnetic resonance imaging (MRI) and biological separation.18–40 In
addition to their biocompatibility, lack of toxicity, and ability to generate high temperatures
at a desired site, perhaps the greatest promise of plasmonic gold nanotechnology medicine
will be its use in the early detection and therapeutic challenges of cancer.8–17, 45–64

Similarly, magnetic nanoparticles can also mediate localized hyperthermia effects in the
presence of a strong magnetic field.18–40 As a result, the integration of magnetic and
plasmonic functions into a single platform such as a magnetic core with plasmonic shell
would be hugely beneficial for cancer nanomedicine. Plasmonic gold coating on magnetic
nanoparticles is very useful for stabilizing high-magnetic-moment nanoparticles in corrosive
biological conditions. It will also allow easy bio-conjugation through the well-understood
chemistry of Au-S.15–20 Recent reports 65–69 indicate that in the early stage of cancer, the
concentration of cancerous cell is around 0.004% of all white cells in blood. As a result,
detecting these cells without separation is challenging.65–69 Also, there are high demands to
be able to detect and analyze rare cells like circulating endothelial cells and circulating
tumor cells from a complex mixture of heterogeneous cells in blood samples in
“personalized medicine.” Therefore, in clinical settings, we need a material possessing
abilities for selective sensing as well as cell separation.65–69 It was recently reported that
selective photothermal destruction from mixed cells is somehow limited.69 Normal cells
may also be killed nonspecifically as a result of increased temperature in the whole mixture
of cell suspension upon light exposure. For this purpose, aptamer/antibody-conjugated core/
shell composite plasmonic-magnetic nanoparticles will be extremely useful for highly
sensitive plasmonic sensing, magnetic cell separation, and selective photothermal killing.

To demonstrate the capability of magnetic core–plasmonic shell nanoparticles for selective
cancer cell imaging, isolation, and photothermal destruction, we used 4 different cell lines in
the current experiment. We used the well-characterized SK-BR-3 human breast cancer cell
line, which overexpresses the epithermal growth factor receptor HER2/c-erb-2/Neu (HER-2)
on the cell surface. We used the HER2-negative human breast cancer MDA-MB cell line.
We also used human prostate cancer cell line LNCaP, which overexpresses prostate-specific
membrane antigen (PSMA). Lastly, we used human skin HaCaT keratinocytes, a normal
skin cell line. Using an enzyme-linked immunosorbent assay kit, we found that the amount
of HER2 in SK-BR-3 cells was 6.3 × 106/cell, but only 1.1 × 103/cell in the case of MDA-
MB breast-cancer cells. No HER2 was found in HaCaT or LNCaP cells. Since S6 aptamer is
known to exhibit highly specific targeting for the SK-BR-3 cell line via HER2, 13 we used
S6 aptamer-conjugated iron oxide core–gold shell magnetic/plasmonic nanoparticle for the
specific targeting of SK-BR-3 cells.

Results and Discussions
For the magnetic separation of cancer cells followed by fluorescence imaging, we first
modified the magnetic/plasmonic nanoparticle surface with a cancer-targeting aptamer. As
shown in Figure 1, Cy3-modified S6 aptamers were attached to magnetic/plasmonic
nanoparticles through -SH linkage. Also, as shown in Figure 1, in multifunctional
nanoparticles, gold plasmonic shells were used as both a photothermal agent and a nano
platform. The plasmonic shell was functionalized with aptamer modified with Cy3 for (a)
specific breast cancer cell recognition via the aptamers and (b) fluorescence imaging using
the Cy3 fluorescence probe. As shown in Figure 1, the magnetic core was used for cell
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isolation. Specific cancer cell imaging and separation for the human breast cancer cell line
was based on the fact that in the presence of the SK-BR-3 cell line, S6 aptamer-conjugated
magnetic/plasmonic nanoparticles attach to the cancer cells (as shown in Figures 1 and 2)
due to the S6 aptamer–cancer cell interaction.

To demonstrate the separation capability of different cancer cells even at 0.01% mixtures,
we incubated 100 μL S6 aptamer-conjugated magnetic/plasmonic nanoparticles with 1 mL
HER-2–positive human SK-BR-3 breast cancer cell suspension containing 103 cells/mL and
1 mL HER2-negative LNCaP cell suspension containing 107 cells/mL. After 120 minutes
incubation at room temperature under gentle shaking, we washed the suspension 3 times to
remove unconjugated Cy3-bound nanoparticles. Next, for both cancer cell suspensions,
cancer cells were attached to magnetic nanoparticles and separated by a magnet; then,
cancer cells that did not bind with magnetic/plasmonic nanoparticles and were not separated
by magnet were characterized using TEM and enzyme-linked immunosorbent assay kits.
Cancer cells separated by magnet were also used for fluorescence imaging as shown in
Figure 2. Using enzyme-linked immunosorbent assays, we found no HER2 in the fractions
of cell suspensions that did not bind to magnetic/plasmonic nanoparticles, whereas PSMA
was present; this clearly shows that the cells are in fact human prostate cancer LNCaP cells.
On the other hand, HER2 was present in the fractions of the cell suspension that had
attached to the magnetic/plasmonic nanoparticles, clearly indicating that the cells were
human breast cancer SK-BR-3 cells. As shown in Figures 2A–D, confocal fluorescence
imaging showed that the targeted Cy3-bound aptamer-conjugated nanomaterials bound only
to SK-BR-3 cells and not HER2-negative LNCaP cells. Similarly, TEM images (Figures 2E,
F) indicate that the targeted Cy3-bound aptamer-conjugated nanomaterials bound only to
SK-BR-3 cells and not HER2-negative LNCaP cells. Therefore, our results clearly show that
S6 aptamer attached to magnetic/plasmonic nanoparticles is highly selective for binding
with the SK-BR-3 cell line, which overexpresses HER2; therefore, it can be used for
imaging and the separation of different cancer cells even at 0.01% cell mixtures.

As mentioned earlier, it is estimated that in the early stage of cancer, the concentration of
cancer cells is around 0.004% of all white cells in the blood. To demonstrate the separation
capability of very low concentrations of cancerous cells (0.001%), we incubated 100 μL S6
aptamer-conjugated magnetic/plasmonic nanoparticles with 1 mL HER-2–positive human
SK-BR-3 breast cancer cell suspension containing 102 cells/mL and 1 mL HER2-negative
human skin cell HaCaT cell suspension containing 107 cells/mL. After 120 minutes
incubation at room temperature under gentle shaking, we washed the suspension 3 times to
remove unconjugated Cy3-bound magnetic/plasmonic nanoparticles that are not. Then, the
cancer cells were separated from the suspension using a small magnet. Using the enzyme-
linked immunosorbent assay, we found that there was no HER2 in the portion of the cell
suspension that did not bind to magnetic/plasmonic nanoparticles. As discussed earlier,
before adding the nanoparticles, we used an enzyme-linked immunosorbent assay kit to
determine the amount of HER2 in SK-BR-3 cells and HaCaT cells. Our results show that the
amount of HER2 in the SK-BR-3 cells was 6.3 × 106/cell, whereas no HER2 was found in
normal HaCaT skin cells. After magnetic separation, we found that there was no HER2 in
the portion of the cell suspension that did not bind to magnetic/plasmonic nanoparticles,
clearly indicating that it contains HER2-negative HaCaT cells.

As shown in Figure 3, confocal fluorescence imaging also showed that the targeted Cy3-
bound aptamer-conjugated nanoparticles bound mostly to the SK-BR-3 cells and did not
bind effectively to HER2-negative HaCaT cells. Therefore, the results clearly show that S6
aptamer-bound magnetic/plasmonic nanoparticles highly selectively bind to SK-BR-3 cells
overexpressing HER2. Therefore, they can be used for the imaging and separation of breast
cancer cells from normal cells even at 0.001% mixtures.
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After successful targeted sensing and separation, we performed NIR irradiation experiments
to determine whether magnetic/plasmonic nanoparticles can be used for photothermal
therapy for SK-BR-3 cancer cells selectively through a gold shell. Initially, the photothermal
experiments were performed for each cell line separately in the presence of S6-modified
magnetic/plasmonic nanoparticles. Then, we performed the same photothermal experiments
for cell mixtures to determine whether this photothermal process is highly selective for cell
mixtures. Gold nanoparticles are known to be capable of converting NIR to vibrational
energy, generating sufficient heat to kill cancer cells.8–17, 45–64.

In the photothermal destruction experiment, we used 670 nm red light at 2–3 W/cm2 for 10
minutes using a 670 nm OEM laser. Since biological systems mostly lack chromophores that
absorb in the NIR light range of 650–900 nm, 670 nm is particularly useful in therapy for
the induction of hyperthermia. When S6-modified magnetic/plasmonic nanoparticles bound
to SK-BR-3 cells are excited with 670-nm light, due to the strong absorption at this
wavelength, photoexcitation of the electron gas will result in rapid non-equilibrium heating.

As reported previously,12,16,49 the initial electronic excitation followed by relaxation will
give rise to a rapid increase in the surface temperature of the metal. This initial rapid heating
will be cooled to equilibrium by energy exchange between the electrons and lattice. In the
first several hundred picoseconds following excitation, the lattice will cool via phonons,
resulting in local heating surrounding the nanostructure.12,16,49 This local temperature
increase produces sufficient heat for the destruction of magnetic/plasmonic nanoparticles to
the SK-BR-3 cancer cells.

To determine the amount of cell death due to this procedure, we added trypan blue after NIR
radiation exposure. Living cells cannot bind with trypan blue and are therefore colorless. On
the other hand, dead cells bind with the blue dye. Therefore, cell viability can be
qualitatively determined from the color of the cell monolayer. As shown in Figure 4A, most
of the cancer cells were dead after 7 minutes of the nanotherapy process. Bright-field
inverted microscope images show that cancer cells were deformed during the nanotherapy
process. The cell death following nanoparticle exposure to NIR radiation could be due to
numerous factors including nanoparticle explosion, shock waves, bubble formation, and
thermal disintegration.8–17,45–64 Next, to demonstrate that photothermal destruction is
highly selective, we performed the same photothermal experiment with HER2-negative
MDA-MB breast cancer cells, LNCaP prostate cancer cells, and normal HaCaT cells after
incubation with S6 aptamer-conjugated plasmonic/magnetic nanoparticles. All cells were
treated using 670-nm light at 2.5 W/cm2 for 20 minutes. After that, we used the MTT test to
determine the number of live cells after photothermal destruction process. As shown in
Figure 4C, the time interval cell viability test indicated that within 10 minutes, most of the
SK-BR-3 cancer cells were killed. On the other hand, cell viability was more than 93% in
the MDA-MB and LNCaP cells, and 96% for the HaCaT cells. This is because the
conjugation of magnetic/plasmonic nanoparticles with cancer cells is necessary for
photothermal destruction using 670-nm light. Cancer cells conjugated with magnetic/
plasmonic nanoparticles should have strong absorption at the excitation wavelength, which
is 670 nm in our case. As shown in Figures 2 and 3, the conjugation of magnetic/plasmonic
nanoparticles on cell membranes occurred only in HER2-positive SK-BR-3 cells. Therefore,
the photothermal destruction effect should be highly efficient in the presence of SK-BR-3
cells compared to MDA-MB, LNCaP, or HaCaT cells. As shown in Figure 5C, since the
magnetic/plasmonic nanoparticle-conjugated SK-BR-3 cancer cells absorb 670-nm light, the
presence of such light will generate heat, which will destroy the SK-BR-3 cells. On the other
hand, due to the lack of conjugation between magnetic/plasmonic nanoparticles and MDA-
MB or LNCaP or HaCaT cells, combinations of magnetic/plasmonic nanoparticles and any
of these cells do not have enough absorption at 670 nm. Therefore, during photothermal

Fan et al. Page 4

ACS Nano. Author manuscript; available in PMC 2013 February 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



destruction using 670-nm light, the effective temperature increase in cancer cells will be
very little, which will be insufficient to kill these cells. Next, to understand how temperature
increases during photothermal destruction, we performed thermal imaging at 1-minute
intervals during the therapy process using a MikroShot Camera. We found that the
temperature increased to about 55°C when exposing magnetic/plasmonic nanoparticle-
bound cancer cells to a 670-nm laser at 2.5 W/cm2. On the other hand, in the same
condition, the temperature increased to only 35°C for MDA-MB and LNCaP cancer cells
without any nanoparticles.

In clinical situations, cancer cells are always surrounded by healthy normal cells. Once we
found that S6 aptamer-attached magnetic core–plasmonic shell nanoparticles can be used to
selectively kill SK-BR-3 cell, we determined whether selective photothermal destruction can
be performed in mixtures of cells. For this purpose, we used a HaCaT and SK-BR-3 cell
mixture (1:1) incubated with S6 aptamer-conjugated magnetic/plasmonic nanoparticles for 2
hours. Then, the cell mixtures were treated using 670-nm light at 2.5 W/cm2 for up to 20
minutes. Next, we separated the cells using magnets and used the MTT test to determine the
percentages of live cells during the photothermal destruction process. As shown in Figure
4D, normal cells started to die after 6 minutes of therapy. At 13 minutes, when about 100%
of cancer cells were dead, only 12% of normal cells were dead. As discussed earlier, when
we used individual cell lines, the photothermal destruction was highly selective.

On the other hand, in the case of cell mixtures, only 12% of normal cells were killed. This is
because for the photothermal destruction experiment, very small volumes (100 μL) of the
sample were exposed to the 670-nm light. As a result, there was an increase in the
temperature of the whole suspension during the therapy process. As a result, normal cells
were also killed in the mixture even though they were not attached to S6 aptamer-conjugated
magnetic/plasmonic nanoparticles. In clinical situations, some heat may dissipate through
floating body liquids. Therefore, we may observe a negligible amount of normal cell death.
Of course, it is preferable if the photothermal process can finish within 5 minutes using a
slightly more powerful NIR pulsed laser.

Conclusions
In conclusion, we demonstrated the use of S6 aptamer conjugated magnetic core–plasmonic
shell nanoparticles for the targeted diagnosis, isolation, and photothermal destruction of SK-
BR-3 human cancer cells. We also found that bioconjugated magnetic/plasmonic
nanoparticles highly selectively bind to SK-BR-3 cells, which overexpress HER2.
Experimental data with a mixture of SK-BR-3, HaCaT, or LNCaP prostate cancer cell lines
clearly demonstrate that bioconjugated plasmonic/magnetic nanoparticles can be used for
imaging and magnetic separation even in 0.001% mixtures. We also demonstrated that
during the photothermal destruction of SK-BR-3 cancerous cells bound to S6 aptamer-
conjugated magnetic/plasmonic nanoparticles, the localized heating that occurs due to the
absorption of 670-nm continuous NIR irradiation is able to cause irreparable cellular
damage; it selectively kills most of the cancerous cells within 10 minutes at 2.5 W/cm2. This
magnetic core–plasmonic shell nanotechnology-based assay is rapid; it only takes about 30
minutes from cancer cell binding to isolation and cell destruction. Even though magnetic/
plasmonic nanoparticles have demonstrated promising results for cancer imaging, isolation,
and therapy, it is only fair to admit that we are at a relatively early stage of development.
The photothermal destruction treatment results of cell mixtures demonstrate that small
amounts of normal cell death may also occur during photothermal destruction. Depending
on how fast heat may dissipate through floating body liquids and how fast we can finish the
photothermal destruction process, some healthy cell death may occur during the
photothermal destruction process in clinical practice. After the optimization of different
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parameters, we believe that this hybrid nanotechnology-driven assay could have enormous
potential for applications in the rapid detection and photothermal destruction of clinical
samples.

Methods
Materials

Hydrogen tetrachloroaurate (HAuCl4·3H2O), NaBH4, sodium citrate, and iron chloride were
purchased from Sigma-Aldrich, USA and used without further purification. The human
breast cancer and prostate cancer cell lines were purchased from the American Type Culture
Collection (ATCC, Rockville, MD). The human skin HaCaT keratinocyte cell line, a
transformed human epidermal cell line, was obtained from Dr. Norbert Fusenig of the
Germany Cancer Research Center.

Synthesis of magnetic core–gold shell gold nanoparticles
Magnetic core nanoparticles were synthesized by co-precipitation of Fe(II) and Fe(III)
chlorides with 1.5 M NaOH as a reductant as described previously.35–36 At the end of the
procedure, the black precipitate was collected on a magnet and washed several times with
water and tetramethylammonium hydroxide (TMAOH). Gold shells were formed by the
reduction of Au3+ onto the iron oxide surfaces as shown in Figure 1. We initially dissolved
30 mg iron oxide nanoparticles in 30 mL water and heated it until boiling. Then, we added 5
mL 10−2 M gold chloride solution, followed by the addition of trisodium citrate. Then, we
boiled the solution for another 15–20 minutes; this step was repeated 3 times to make thick
gold shells. The final solution appeared light pink brown in color. A JEM-2100F TEM and
UV-visible absorption spectrum were used to characterize the nanoparticles (Figure 5).

Synthesis of aptamer-conjugated magnetic/plasmonic nanoparticles
Thiol-modified Cy3-bound S6 aptamers were gradually exposed to magnetic core–
plasmonic shell nanoparticles in the presence of 0.1 M NaCl in a PBS buffer over a 16-hour
period. To remove the unbound aptamers, we centrifuged the solution at 6,000 rpm for 20
minutes, and the precipitate was then re-dispersed in 2 mL buffer solution; we repeated this
process 3 times. To measure the number of aptamer molecules in each plasmonic/magnetic
nanoparticle, we performed fluorescence analyses after the addition of potassium cyanide.
To measure the number of aptamer molecules in each gold nanoparticle, after conjugation,
we treated the Cy3-bound S6 aptamer-conjugated gold nanoparticles with 10 μM potassium
cyanide to oxidize them. After that, the solution containing the released Cy3-labeled
aptamers was collected for fluorescence analysis.

The amount of Cy3-labeled S6 aptamers was measured by fluorescence. By dividing the
total number of Cy3-labeled S6 aptamers by the total number of nanoparticles, we estimated
that there were about 100–140 aptamers per magnetic/plasmonic nanoparticle. To
characterize the hybrid nanoparticle conjugates according to S6 aptamer size, we performed
DLS measurements. The experimental data show that the overall particle diameter was
around 55 ± 3 nm, which is a good size for the development of theranostic agents as
reported recently.70

Cell culture and incubation with magnetic/plasmonic nanoparticles
Cancer cells were grown in a 5% CO2 incubator at 37°C using RPMI-1640 medium (ATCC,
Rockville, MD) supplemented with 10% premium fetal bovine serum (FBS) (Lonza,
Walkersville, MD) and antibiotics (10 IU/mL penicillin G and streptomycin) in 75-cm2

tissue culture flasks. An enzyme-linked immunosorbent assay kit was used to quantify
HER2 in tested cells. The experimental results indicate that the amount of HER2 in SK-
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BR-3 cells was 6.3 × 106/cell, but only 1.1 × 103/cell in MDA-MB breast cancer cells. No
HER2 was observed in the LNCaP and HaCaT cell lines. Different numbers of cells were
then immersed into the aptamer-conjugated magnetic/plasmonic nanoparticle solution at
room temperature before performing the magnetic separation experiment. After magnetic
separation, we performed TEM and fluorescence analyses (Figure 2). The absorption data
show that SK-BR-3 cells bound to magnetic-plasmonic nanoparticles have quite broad
absorption (Figure 5); this may be due to the aggregation of nanoparticles on SK-BR-3
cancer cell surfaces as shown in the TEM picture in Figure 2F.

Fluorescence analysis
After cell separation by magnet, we used an Olympus IX71 inverted confocal fluorescence
microscope fitted with a SPOT Insight digital camera for fluorescence imaging.

Photothermal destruction and determination of the percentage of live cells
For the photothermal destruction experiments, we used a continuous-wavelength portable
OEM laser operating at 670 nm as an excitation light source for 10–20 minutes. Then, we
used the MTT test to determine the amounts of live cells after the photothermal destruction
process. For this purpose, prostate cancer cells were seeded in 96-well plates (well diameter,
6.4 mm) at a density of 1 × 105 cells/well and were allowed to attach for 24 hours at 37°C in
a 5% CO2 incubator before the treatment. The cell monolayers in the wells were repeatedly
rinsed with PBS buffer after incubation to remove the nonspecifically adsorbed nanomaterial
remaining in the medium. Then, the monolayers were exposed to the 670-nm laser. Cell
viability was also determined 1 hour after photothermal treatment using the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) cell proliferation assay kit
(ATCC CA# 30–1010k). This experiment was repeated 5–6 times. The results are expressed
as mean values.
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Figure 1.
(A) Schematic representation showing the synthesis of S6 aptamer-conjugated
multifunctional magnetic core–gold shell nanoparticles. (B) Schematic representation
showing the separation of specific cancer cells using S6 aptamer-conjugated plasmonic/
magnetic nanoparticles. (C) Schematic representation showing the selective fluorescence
imaging and targeted photothermal destruction of specific cancer cells.
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Figure 2.
(A) Fluorescent images of SK-BR-3 cancer cells after a mixture of LNCaP and SK-BR-3
cells (1:10−4 ratio) was incubated with Cy3-modified S6 aptamer-conjugated magnetic/
plasmonic nanoparticles and separated by a magnet. (B) Bright-field image of the same SK-
BR-3 cells after magnetic separation. (C) LNCaP cancer cell fluorescent images after a
mixture of LNCaP and SK-BR-3 cells (1:10−4) was incubated with Cy3-modified S6
aptamer-conjugated magnetic/plasmonic nanoparticles and separated by a magnet. (D)
Bright-field image of the same LNCaP cells after magnetic separation. (E) TEM image of
SK-BR-3 cells after magnetic separation. The image clearly shows that Cy3-modified S6
aptamer-conjugated magnetic/plasmonic nanoparticles are attached to SK-BR-3 cells. (F)
TEM image of LNCaP cells separated by a magnet.
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Figure 3.
(A) Fluorescent image of SK-BR-3 cancer cells in a mixture of HaCaT and SK-BR-3 cells
(1:10−5 ratio) incubated with Cy3-modified S6 aptamer magnetic/plasmonic nanoparticles
and separated by a magnet. (B) Bright-field image of SK-BR-3 cells after magnetic
separation. (C) Fluorescent image of HaCaT cells in a mixture of HaCaT and SK-BR-3 cells
(1:10−5 ratio) incubated with Cy3-modified S6 aptamer magnetic/plasmonic nanoparticles
and separated by a magnet. (D) Bright-field image of MDA-MB cells after magnetic
separation.
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Figure 4.
(A) Bright-field inverted microscopic images of aptamer-conjugated magnetic/plasmonic
nanoparticles attached to SK-BR-3 breast cancer cells after irradiation with 670-nm light at
2.5 W/cm2 for 7 minutes followed by staining with trypan blue. (B) Bright-field inverted
microscopic images of SK-BR-3 cells alone after irradiation with 670-nm light at 2.5 W/cm2

for 10 minutes followed by staining with trypan blue. C) Plot showing cell viability when
S-6 aptamer-conjugated magnetic/plasmonic nanoparticles attached to SK-BR-3, MDA-MB,
and HaCaT cells were treated using 670-nm light at 2.5 W/cm2 for 20 minutes. (D) Plot
showing cell viability when S-6 aptamer-conjugated magnetic/plasmonic nanoparticles
attached to SK-BR-3 and HaCaT cell mixtures (1:0.01) were treated 670-nm light at 2.5 W/
cm2 for 20 minutes.
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Figure 5.
(A) Absorption spectra of SK-BR-3 cancer cells conjugated with magnetic iron oxide
(Fe3O4) nanoparticles, magnetic core–gold shell nanoparticles, and S6 aptamer-bound
magnetic core–gold shell nanoparticles after magnetic separation. (B) TEM image of freshly
prepared magnetic nanoparticles. (C) TEM image of freshly prepared plasmonic/magnetic
nanoparticles. (D) SEM image of freshly prepared plasmonic/magnetic nanoparticles.
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