
Aptamer-Conjugated Graphene Oxide Membranes for Highly
Efficient Capture and Accurate Identification of Multiple Types of
Circulating Tumor Cells
Bhanu Priya Viraka Nellore, Rajashekhar Kanchanapally, Avijit Pramanik, Sudarson Sekhar Sinha,
Suhash Reddy Chavva, Ashton Hamme, II, and Paresh Chandra Ray*

Department of Chemistry and Biochemistry, Jackson State University, Jackson, Mississippi 39217, United States

ABSTRACT: Tumor metastasis is responsible for 1 in 4 deaths in the United States. Though it
has been well-documented over past two decades that circulating tumor cells (CTCs) in blood
can be used as a biomarker for metastatic cancer, there are enormous challenges in capturing and
identifying CTCs with sufficient sensitivity and specificity. Because of the heterogeneous
expression of CTC markers, it is now well understood that a single CTC marker is insufficient to
capture all CTCs from the blood. Driven by the clear need, this study reports for the first time
highly efficient capture and accurate identification of multiple types of CTCs from infected blood
using aptamer-modified porous graphene oxide membranes. The results demonstrate that dye-
modified S6, A9, and YJ-1 aptamers attached to 20−40 μm porous garphene oxide membranes
are capable of capturing multiple types of tumor cells (SKBR3 breast cancer cells, LNCaP
prostate cancer cells, and SW-948 colon cancer cells) selectively and simultaneously from
infected blood. Our result shows that the capture efficiency of graphene oxide membranes is
∼95% for multiple types of tumor cells; for each tumor concentration, 10 cells are present per
milliliter of blood sample. The selectivity of our assay for capturing targeted tumor cells has been demonstrated using membranes
without an antibody. Blood infected with different cells also has been used to demonstrate the targeted tumor cell capturing
ability of aptamer-conjugated membranes. Our data also demonstrate that accurate analysis of multiple types of captured CTCs
can be performed using multicolor fluorescence imaging. Aptamer-conjugated membranes reported here have good potential for
the early diagnosis of diseases that are currently being detected by means of cell capture technologies.

■ INTRODUCTION

According to the American Cancer Society (ACR), 1 in 4
deaths in the United States is caused by cancer.1,2 As per 2014
cancer statistics, tumor metastasis is responsible for >90% of
cancer-related deaths.1,2 Metastasis happens when tumor cells
escape from the primary tumor site and enter into the
bloodstream, which is known as circulating tumor cells
(CTCs).3−8 Recently, several clinical studies have reported
that the amount of CTCs in blood can be used to correlate the
clinical outcome in patients with metastatic breast, prostate,
colorectal, and lung cancer.9−14 Because CTCs are the
precursors of metastasis, accurate quantification of CTCs in
the bloodstream is very important, and it is the key for the
overall survival of cancer patients.15−17 Although CTCs were
first discovered more than 150 years ago, because CTCs are
extremely rare epithelial cells (1−10 cells/mL) present in blood
of patients with advanced cancer, until now it has been a real
challenge to capture CTCs from patients with early stage
cancer.3−12 Because of the general assumption that the CTC
originated from an epithelial solid tumor, most of the currently
available detection methods, including CellSearch that is
approved by the Food and Drug Administration (FDA), used
epithelial cell adhesion molecule (EpCAM) antibodies to
capture CTC from cancer patients.5−15 However, several recent
reports show that because of tumor heterogeneity and the fact
CTCs frequently lose their epithelial nature upon epithelial−

mesenchymal transition (EMT), the detection and enrichment
of CTCs based on EpCAM often encounter major
challenges.2,3,7,8 As a result, several clinical studies have
indicated that more than one-third of patients with metastatic
disease do not have detectable CTCs as determined by
EpCAM-based technology.3,7,8 Even these reports indicated
that patients with undetectable CTCs have a more favorable
prognosis than patients with detectable CTCs.3,7,8 From all the
data reported in the studies mentioned above, it is clear that a
single CTC marker will be insufficient to provide a complete
account of CTCs. Driven by the clear need, in this work, we
report for the first time the highly efficient capture and accurate
identification of multiple types of CTCs using porous graphene
oxide membranes, as shown in Scheme 1.
Because of the high-yield production, low cost, and

interesting electronic and optical properties,18−28 graphene
and its derivative graphene oxide hold great promise for real life
applications.29−38 Recent reports indicate that two-dimensional
graphene oxide (GO) offers an exciting opportunity to develop
new classes of membranes (with a pore size of a few
nanometers), which can block all molecules or ions with a
hydrated size of >9 Å,24−31 but because of the smaller pore size,
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reported membranes cannot be used to filter and capture CTCs
from blood samples. The advantage of our novel membranes
lies in its porosity size of 20−40 μm, which allows normal red
blood cells to travel through the membranes selectively
capturing tumor cells because of the presence of different
aptamers in three-dimensional (3D) space. To overcome
challenges associated with detecting multiple types of rare
CTCs in whole blood, we hypothesize that multiple surface
markers attached to nanoplatforms are capable of capturing and
identifying multiple types of CTCs. The human epidermal
growth factor receptor 2 (HER2) biomarker has been shown to
be useful for the detection of breast cancer CTCs.39,40 Similarly,
the prostate-specific membrane antigen (PSMA) biomarker has
been proven to be very useful for the detection of CTCs from
prostate cancer patients.41,42 On the other hand, the
carcinoembryonic antigen (CEA) biomarker has been used to
detect colon cancer CTCs.43 To assess multiple types of
cancer-specific biomarkers (CEA, HER-2, and PSMA), we have
developed porous graphene oxide membranes attached to
several different types of aptamers. To capture different types of
tumor cells selectively and simultaneously, three different types
of aptamers are used. The S6 aptamer that binds specifically to
HER2,39,40 the A9 aptamer that binds specifically to PSMA,41,42

and the YJ-1 aptamer that binds to CEA43 were covalently
attached to porous membranes. In our design, we have used 3D
graphene oxide foam as the macro-scaffold because of its

microporosity, huge surface area, strong mechanical strength,
and very good biocompatibility.38 Our reported result shows
that aptamer-conjugated porous garphene oxide membranes are
capable of capturing SKBR3 breast cancer cells, LNCaP
prostate cancer cells, and SW-948 colon cancer cells separately
and simultaneously from infected blood. It is now well
documented that graphene oxide can act as a very highly
efficient quencher,12,25,32,34 and as a result, when dye-
conjugated aptamers are attached to graphene oxide,
fluorescence from dye is totally quenched by graphene oxide.
In the presence of targeted cancer cells, because cancer cells
bind to the dye-conjugated aptamer, the distance between the
dye and graphene oxide increases, and as a result, fluorescence
persists. Our results demonstrate that the Alexa Fluor 488 dye-
modified YJ-1 aptamer-conjugated, Cy2-modified S6 aptamer-
conjugated, and Cy5-modified A9 aptamer-conjugated gra-
phene oxide membranes are not only capable of capturing
different types of cancer cells but also capable of accurately
identifying the captured cancer cells via multicolor fluorescence
imaging.

■ RESULTS AND DISCUSSION
For highly efficient capture and accurate identification, we have
developed aptamer-attached 3D graphene oxide foam-based
membranes. For this purpose, at first we produced two-
dimensional (2D) graphene oxide sheets using a modified
Hummers method, as we have reported recently.34−36

In next step, we attached four different types of aptamers
with 2D graphene oxide, and for this purpose, 3′-NH- and 5′-
dye-modified aptamers were attached with 2D graphene oxide
via the carboxyl group, as shown in Figure 1A.34−36 For
accurate identification, we used the Alexa Fluor 488 dye-
modified YJ-1 aptamer, which can specifically capture SW-948
colon cancer cells from infected blood and can be identified via
blue fluorescence imaging. We also used the Cy2-modified S6
aptamer, which can specifically bind SK-BRr3 breast cancer
cells and can be identified via red fluorescence imaging.
Similarly, we used the Cy5-modified A9 aptamer for specific
capturing of LNCaP prostate cancer cells from blood sample,
and they can be identified via red fluorescence imaging. In next
step, 3D graphene oxide foam was developed from aptamer-
attached 2D graphene oxide using PEG as a cross-linking agent,
as shown in Figure 1A. In our design, amine-functionalized
PEG was used to form the 3D porous architecture by
interconnecting the graphene oxide sheets via amine groups.
We have used coupling chemistry between the -CO2H group of
2D graphene oxide and the -NH2 group of PEG to form 3D
material from 2D hybrid graphene oxide. For this purpose,
EDC {1-ethyl-3-[3-(dimethylamino)propyl]carbodiimide} was
used as a cross-linking agent to couple carboxyl groups to
amines. Next, the resulting semisolid was spin-casted to yield a
final membrane diameter of around 5 cm, which was used for
further characterization, as shown in Figure 1B. Panels C and D
of Figure 1 display high-resolution scanning electron micro-
scope (SEM) images with energy-dispersive X-ray spectroscopy
(EDX) mapping of the membrane’s microstructure, which
shows an interconnected 3D network with a pore size of 20−40
μm. EDX mapping clearly shows the presence of C and O in
the 3D hybrid graphene oxide network. Using nitrogen
adsorption analysis via the Brunauer−Emmett−Teller (BET)
method, we found that the specific surface area for the 3D
hybrid graphene oxide-based membranes was 580 m2 g−1, and
the pore volume was 0.620 cm3 g−1. Via BET analysis, we

Scheme 1. (A) Schematic Representation Showing Aptamer-
Conjugated Porous Graphene Oxide Membrane-Based
Separation and Capture of Multiple Types of CTCs from
Infected Blood and (B) Schematic Representation Showing
Fluorescence Imaging of Multiple Types of CTCs Captured
by Graphene Oxide Membranes Using a Dye-Conjugated
Aptamer
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measured the pore size distribution, which shows an average
pore diameter of 25 μm.

To determine whether our aptamer-attached 3D graphene
oxide foam-based membranes can be used for tumor cell
analysis in settings close to clinical diagnosis, different
concentrations of cancer cells were spiked into 10 mL of
citrated whole rabbit blood. After the blood had been gently
shaken for 90 min, we filtered the infected blood sample using
our membrane. Next, tumor cell-attached membranes and the
supernatant blood sample were characterized using enzyme-
linked immunosorbent assay (ELISA) analysis and fluorescence
and transmission electron microscopy (TEM) image analysis as
shown in Figures 2−4. To determine how selective the
membranes with respect to capturing targeted tumor cells, we
performed experiments using membranes without the YJ-1
aptamer, as a negative control. For this purpose, we developed
membranes with and without the Alexa Fluor 488 dye-modified
YJ-1 aptamer. We also used LNCaP prostate cancer cell-
infected blood as a negative control. Using an ELISA, we found
that the amount of CEA in SW-948 colon cancer cells was 1.2
× 106 cell−1, but no CEA was found in blood cells or LNCaP
cells. As a result, we used SW-948 colon cancer cell-infected
blood for a targeted cancer cell capture experiment and LNCaP
prostate tumor cell-infected blood as a negative control
experiment.
Next, we used a blood sample infected with SW-948 colon

cancer cells (100 cells/mL) to determine the capture efficiency
of membranes in the presence and absence of the YJ-1 aptamer.
Figure 2D shows that the capture efficiency of SW-948 colon
cancer cells is approximately zero in the absence of aptamer
attachment in the membranes. Because the pore size of our
novel filer is approximately 20−40 μm, it will allow cells to
travel through. On the other, as shown in Figure 2E, ∼98% of
the colon cancer cells were captured when membranes were
attached to YJ-1 aptamers. The TEM image, as shown in Figure
2A, also indicates that SW-948 colon tumor cells are captured
by membranes when a YJ-1 aptamer-attached membrane was
used. Because of the presence of the YJ-1 aptamer, SW-948
colon cancer cells are selectively captured by membranes via
antigen−aptamer interaction.
On the other hand, because of the absence of CEA in blood

cells, porous membranes allows normal red blood cells to travel
through because of the 20−40 μm pore size. Our experimental
data, as shown in Figure 2E, indicate that the colon cancer cell
capture efficiency of porous graphene oxide membranes can be
∼98%. To visualize the capture of CTC cells, we used a
fluorescence microscope. Figure 2C shows the fluorescence
image of captured SW-948 colon cancer cells. The blue
fluorescence image from SW-948 cancer cells is due to the
presence of the Alexa Fluor 488 dye-attached aptamer on the
cancer cell surface. Next, to determine whether YJ-1 aptamer-
conjugated membranes are selective for targeted colon cancer
cell capture, we also performed an experiment using blood
infected with LNCaP prostate cancer cells (103 cells/mL). As
shown in Figure 2F, the ELISA data clearly show that cells were
not captured when LNCaP cell-infected blood was used. The
fluorescence image shown in Figure 2B also indicates that
LNCaP cells are not captured by YJ-1 aptamer-conjugated
membranes. All these results clearly show that the membrane’s
pore size is sufficient for the cells to pass through it, and CTCs
are captured by the aptamer only, which indicates that
membranes can be used for selective capturing of CTC.
To determine the biocompatibility of our aptamer-attached

porous graphene oxide membrane, different tumor cells and
HaCaT normal cells (6.4 × 104 cells/mL) were incubated

Figure 1. (A) Schematic representation showing the stepwise chemical
formation of 3D graphene oxide. (B) Photograph showing the
formation of a porous graphene oxide membrane from aptamer-bound
graphene oxide foam. (C) Scanning electron microscopy image of a
graphene oxide membrane, which indicates a pore size of 20−40 μm.
(D) Energy-dispersive X-ray spectroscopy mapping showing the
presence of C and O in 3D network membranes.
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separately with membranes for 24 h. After that, the cell viability
was measured using the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) test. Figure 2F clearly
shows that even after incubation for 24 h, a cell viability of 97%
was observed. All the cytotoxicity results reported above clearly
show the very good biocompatibility of the membrane.
Next, to determine how versatile the membrane is for the

selective capturing of other tumor cells, we performed an
experiment with an SK-BR-3 breast tumor cell-infected blood
sample. For this purpose, we developed Cy2-modified S6
aptamer-attached membranes, and afterward, we used the
membranes for selective capturing of SK-BR-3 cells from
infected blood. ELISA data, as shown in Figure 3C, indicate

that the SK-BR-3 cancer cell capture efficiency of the S6
aptamer-attached membranes can be ∼98%. Using the ELISA
kit, we found that the amount of HER2 in SK-BR-3 cells was
4.8 × 106 cell−1, where as no HER2 was found in SW-948 colon
cancer cells. As a result, to understand whether S6 aptamer-
attached membranes are highly selective for capturing only SK-
BR-3 breast tumor cells, we used SW-948 colon cancer cells as a
negative control. Figure 3D clearly shows that SW-948 colon
cancer cells are not captured by the S6 aptamer-attached
membrane, and as a result, all CEA positive cells are in the
supernatant. Figure 3A shows the fluorescence image of
captured SK-BR-3 breast cancer cells. In the fluorescence
image, the observed green fluorescence of SK-BR-3 cells is

Figure 2. (A) TEM image showing that SW-948 colon tumor cells are captured by the membranes. (B) Fluorescence image showing that LNCaP
tumor cells are not captured by the Alexa Fluor 488 dye-modified YJ-1 aptamer-attached membrane. (C) Fluorescence image showing that a huge
amount of SW-948 colon tumor cells is captured by the membranes. The observed blue fluorescence is due to the presence of the Alexa Fluor 488
dye-attached aptamer on the SW-948 cancer cell surface. (D) Number of CEA positive cells in the supernatant and membranes in the absence of the
YJ-1 aptamer. (E) Number of CEA positive cells in the supernatant and membranes in the presence of the YJ-1 aptamer. (F) Number of PSMA
positive cells in the supernatant and membranes when PSMA positive LNCaP colon cancer cell-infected blood was passed through the YJ-1 aptamer-
attached membranes. (G) Plot that demonstrates the biocompatibility of our membranes.
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caused by the presence of the Cy2 dye-attached S6 aptamer on
the SK-BR-3 breast cancer cell surface. On the other hand, the
fluorescence image shown in Figure 3B shows that SW-948
colon cancer cells were not captured by S6 aptamer-attached
membranes. Because S6 aptamers are known to selectively bind
to HER2, SK-BR-3 breast cancer cells are selectively captured
by membranes via HER2−S6 aptamer interaction.
On the other hand, because of the absence of HER2 in blood

cells and SW-948 colon cancer cells, porous membranes allow
them to travel through. All the experimental data reported
above clearly show that S6 aptamer-attached membranes can be
used to capture SK-BR-3 breast tumor cells from infected
blood.
Because in real life tumor cells coexist with normal cells, to

demonstrate that membranes can be used for the capture of
tumor cells in a more physiologically relevant system, we
performed experiments with a mixture of tumor cells and a
normal cell-infected blood sample. For our experiment, citrated
whole rabbit blood was infected with tumor cells, peripheral
blood mononuclear cells (PBMC), and HaCaT normal skin
cells. We kept the concentration the cells in such a way that
after mixing, the tumor cell concentration is 10 cells/mL. On
the other hand, the concentrations of PBMC and HaCaT cells
are both 105 cells/mL in infected blood. ELISA data, as shown
in Figure 3E, indicate that the SK-BR-3 cancer cell capturing
efficiency of the S6 aptamer-attached membranes can be ∼90%,
even in the presence of 104-fold more PBMC and HaCaT cells
each.
Next, to demonstrate that the versatile membranes can be

used for capturing of multiple types of tumor cells

simultaneously, we performed experiments with three different
tumor cell-infected blood samples. For this purpose, we used a
whole blood sample infected with SK-BR-3 breast tumor cells,
LNCaP prostate tumor cells, and SW-948 colon cancer cells.
The concentration of each tumor cell mixture was kept at 10
cells/mL. For the simultaneous capture of three different types
of tumor cells, we developed membranes attached to several
cancer cell-specific aptamers. We used the Cy2-bound S6
aptamer that can bind specifically to SK-BR-3 tumor cells
because of the presence of HER2, the Cy5-bound A9 aptamer
that can bind to LNCaP prostate cancer cells because of the
presence of PSMA, and Athe lexa Fluor 488 dye-modified YJ-1
aptamer that can bind to SW-948 colon cancer cells via a
carcinoembryonic antigen. ELISA data, as shown in panels C
and D of Figure 4, indicate that our membranes have the
capability of capturing multiple types of tumor cells and the
capturing efficiency of the infected blood sample can be ∼95%.
Figure 4A shows the multicolor fluorescence image, which

clearly demonstrates multiple types of tumor cells have been
captured by porous graphene oxide membranes. We used a
laser scanning microscope to obtain multicolor fluorescence. In
the reported fluorescence image, observed red cells are LNCaP
prostate cancer cells. Because A9 aptamers are specific to
PSAM, LNCaP cells are captured by the Cy5-attached A9
aptamer and the observed red fluorescence is due to the
presence of the Cy5-attached aptamer on the prostate cancer
cell surface. Similarly, in Figure 4A, captured SK-BR-3 cells are
viewed as green cells because of the presence of the Cy2-
attached S6 aptamer on the cell surface.

Figure 3. (A) Fluorescence image showing that a huge amount of SK-BR-3 breast cancer cells is captured by the Cy2-modified S6 aptamer-attached
membranes. (B) Fluorescence image showing that the capture efficiency is approximately zero when SW-948 colon cancer cell-infected blood is used
for capture by the membranes. (C) Number of HER2 positive cells in the supernatant and membranes when HER2 positive SK-BR-3 breast cancer
cell-infected blood was passed through the membranes. (D) Number of CEA positive cells in the supernatant and membranes. (E) Percent of HER2
positive cells captured by S6 aptamer-attached membranes, when citrated whole rabbit blood infected with (10 cells/mL) cancerous and (105 cells/
mL) normal cells was used.
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On the other hand, because of the presence of the Alexa
Fluor 488 dye-attached YJ-1 aptamer on the SW-948 colon
cancer cell surface, in the fluorescence image, captured colon
cancer cells are colored blue. Figure 4B shows that no cells are
captured when a HaCaT cell-infected blood sample is filtered
by three different aptamer-attached porous membranes. All the
experimental data provided above clearly show that different
aptamer-attached membranes can be used for capturing
multiple types of tumor cells from infected blood, and they
are highly selective for capturing targeted tumor cells from
infected blood.

■ CONCLUSION
In conclusion, in this article, we have reported very highly
efficient removal of multiple types of CTCs from infected
blood using aptamer-attached porous graphene oxide mem-
branes. We have developed dye-modified S6, A9, and YJ-1
aptamers attached to 20−40 μm porous garphene oxide

membranes, which are capable of capturing multiple types of
tumor cells from infected blood. We have demonstrated that
our porous graphene oxide membrane can capture SKBR3
breast cancer cells, LNCaP prostate cancer cells, and SW-948
colon cancer cells selectively and simultaneously from infected
blood, with a capture efficiency as high as 98%. Reported
experimental data with a porous graphene oxide membrane
without an antibody show that the membrane is highly selective
for capturing targeted tumor cells. Similarly, assay data using
blood infected with different cells confirmed that our assay is
highly selective for targeted tumor cell capturing. Our reported
data show that multicolor fluorescence imaging can be used for
the accurate analysis of multiple types of captured CTCs, which
also demonstrate that graphene oxide-based porous membranes
can be used for targeted tumor cell capturing. After the proper
engineering, the impact of the CTC-captured membranes can
go beyond CTC sorting and be used as a fluorescence platform
for accurate analysis of targeted CTC. It has good potential for
improving the early diagnosis of the disease via cell capture
technologies.

■ EXPERIMENTAL METHODS

We purchased all chemicals, including graphite, KMnO4, PEG,
ethylene glycol, and nitric acid, from Fisher Scientific and
Sigma-Aldrich. All types of cancer cell lines and HaCaT cell
lines and growth media for growing cells were purchased from
the American Type Culture Collection (ATCC, Rockville,
MD). Dye-modified aptamers were obtained from Midland
Certified Reagent Co.

Development of Different Types of Aptamers
Attached to 2D Graphene Oxide. We used a reported
modified Hummers method for graphite exfoliation by strong
oxidizing agents to yield graphene oxide, as we have reported
previously.33−36 For this purpose, 1 g of graphite powder was
treated for 30 min with 1 g of NaNO3 in 45 mL of H2SO4 and 3
g of KMnO4, without changing the temperature. After the
reaction had proceeded for 30 min, a thick paste was obtained.
Next, we added water very carefully, drop by drop. After that,
we filtered and redispersed the obtained graphene oxide in 100
mL of water and performed sonication for a few hours for the
purpose of exfoliation. After that, the acid group was used to
connect with 3′-NH- and 5′-dye-modified aptamers. Next, we
used a high-resolution JEM-2100F transmission electron
microscope to characterize 2D graphene oxide.

Development of 3D Graphene Oxide Foam-Based
Membranes. Initially, 3D graphene oxide foam was developed
using PEG as a cross-linking agent, as we have reported
recently.38 For this purpose, 10 mL of graphene oxide was
added to 20 mg of PEG and then sonicated for 10 min. After
being sonicated for 5 min, samples were kept on an oil bath at
approximately 80−90 °C, under a hood. The reaction was
continued for 40 min. Next, the resulting semisolid 3D
graphene oxide foam was used to develop 2 in. diameter
membranes using spin-casting, as shown in Figure 1.

Characterization of Nanomaterial Using TEM, SEM,
and EDX. 2D and 3D grapahene oxide architectures were
characterized using ultra-high-resolution field emission scan-
ning electron microscopy (FE-SEM HITACHI) and a JEOL
2010-F microscope (TEM) using an applied voltage of 200 kV.
The scanning electron microscope was coupled with a BF/DF
Duo-STEM detector, and EDX spectroscopy (Bruker) was
used for EDX analysis.

Figure 4. (A) Fluorescence image showing that the bioconjugated
porous graphene oxide membrane is capable of capturing different
types of tumor cells from infected blood. (B) Fluorescence image
demonstrating that no cells are captured when a normal skin HaCaT
cell is used. (C) Number of HER2 positive, PSMA positive, and CEA
positive cells in membranes. (D) Number of HER2 positive, PSMA
positive, and CEA positive cells in the supernatant.
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Cell Culture. Multiple types of cancer cells and normal cells
were grown according to the ATCC procedure. SK-BR-3 cells
were grown in a a 5% CO2 incubator at 37 °C using ATCC
medium supplemented with 10% premium fetal bovine serum
(FBS) and antibiotics (10 IU/mL penicillin G and
streptomycin) in 75 cm2 tissue culture flasks. The HaCaT
cells were also grown in Dulbecco’s modified Eagle’s medium
(DMEM), as described by ATCC.
Separation of Tumor Cells from Infected Blood. To

demonstrate the possible capturing of tumor cells in a more
physiologically relevant system, different concentrations of
tumor cells and normal cells were spiked into 10 mL
suspensions of citrated whole rabbit blood purchased from
Colorado Serum Co. Using ELISA analysis, we found no
HER2, CEA, or PSMA present in whole rabbit blood. For our
experiment, citrated whole rabbit blood was infected with
tumor cells, PBMC, and HaCaT normal skin cells. Using
ELISA analysis, we found no HER2, CEA, or PSMA present in
PBMC or HaCaT cells. We kept the concentration of each cell
in the mixture in such a way that after mixing, the tumor cell
concentration was 10 cells/mL. On the other hand, the
concentrations of PBMC and HaCaT cells are 105 cells/mL
each in infected blood. After the blood had been gently shaken
for 90 min, we filtered the infected blood sample using our
developed membranes. Next, the tumor cell-attached mem-
brane and the supernatant blood sample were characterized by
an ELISA and by fluorescence and TEM image analysis as
shown in Figures 2−4.
ELISA Assay. The CEA, PSMA, and HER-2 levels were

measured using the ELISA kit in accordance with the
manufacturer’s instructions. We purchased these kits from
Anogen, USCN Life Science Inc., and Oncogene Science.
Fluorescence Analysis. We used an Olympus IX71

inverted confocal fluorescence microscope fitted with a SPOT
Insight digital camera for fluorescence imaging.
Cell Viability Assay. To study cytotoxicity, cells were

treated with nanomaterials at different time intervals, and the
cell viability was determined using the MTT assay. For this
purpose, 10 μL of nanomaterial was added to 90 μL of cell
medium and the mixture incubated for different time intervals
at 37 °C with 5% CO2. Then we added 50 μL of a 5 mg/mL
MTT solution and incubated the sample for 60 min. The
absorbance at 540 nm was recorded using a Multiskan Ascent
Plate Reader with Ascent software (Labsystems).
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