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M
ultimodality is a new, but very
promising, advancement in can-
cer diagnosis, therapy, and tar-

geted molecular imaging,1 because of the
higher efficacy of combinational treatment
and the simultaneous monitoring of thera-
peutic effects. In previous research, the
photosensitizer/gold nanorod (AuNR) com-
plex has been used as a combinational
photodynamic therapy/photothermal ther-
apy (PDT/PTT) strategy.1�3 In these multi-
modalities, the photosensitizers used in PDT
are usually nonphototoxic when they are
nonfluorescent even under light illumina-
tion (an “off” state). However, when these
sensitizers are active (an “on” state), they
become actively phototoxic and generate
reactive oxygen species (ROS) including
singlet oxygen for PDT upon light illumi-
nation;4,5 The AuNRs also serve as ultraeffi-
cient energy quenchers1,3 and hyperther-
mia agents for PTT6,7 as a consequence of
their unique strong surface plasmon ab-
sorption band in the near-infrared (NIR)
region. The above multimodalities supply
higher oncolytic efficacy compared to use of
either PDT or PTT alone. However, these
previous approaches utilized photosensiti-
zers that are electrostatically adsorbed onto
the surface of AuNRs by a polymer layer,
making it impossible to control the targeted
release of singlet oxygen.1,3 This lack of
specificity has resulted in unavoidable da-
mage to nontarget cells.3

Aptamer�nanomaterial conjugates can
be used to achieve multimodality with
molecular specificity.8�10 Briefly, aptamers

are single-stranded DNA or RNA (ssDNA or
ssRNA) selected from pools of random-
sequence oligonucleotides to bind a wide
range of targets, including intact cells, with
high affinities and specificities.11�13 Com-
pared to antibodies, aptamers offer signifi-
cant advantages, such as flexible design,
synthetic accessibility, easy modification,
chemical stability, and rapid tissue pene-
tration.14 Aptamers have beenwidely applied
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ABSTRACT

An aptamer switch probe (ASP) linking chlorin e6 (Ce6), a photosensitizer molecule, to the surface of

gold nanorods (AuNRs) was used to target cancer cells for photodynamic therapy (PDT) and

photothermal therapy (PTT). In the presence of target cancer cells, the ASP changes conformation to

drive Ce6 away from the gold surface, thereby producing singlet oxygen for PDT upon light irradiation.

Since each AuNR is modified with many ASP-Ce6 molecules, the AuNR-ASP-Ce6 conjugate yields

enhanced binding and therapeutic effect by the added ability to carry many photosensitizers. In

addition, absorption of radiation by the gold nanorods enables further cell destruction by the

photothermal effect. Consequently, this multimodal AuNR-ASP-Ce6 conjugate offers a remarkably

improved and synergistic therapeutic effect compared to PTT or PDT alone, providing high specificity

and therapeutic efficiency, which can be generalized to other types of cancer therapies.

KEYWORDS: gold nanorods . photosensitizer . aptamer switch probe . cancer
therapy
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in cancer recognition,15,16 diagnosis,17 drugdelivery,18�21

and therapy.7,22�24 Aptamers have also been linked to
AuNRs for targeted PTT7 or modified with photosensi-
tizers for specific PDT.23

In this work, a leukemia cell line was used as the
target cancer cells to study the combinatorial PDT/PTT.
Current clinical approaches for leukemia therapy pri-
marily involve chemotherapy and bone marrow trans-
plantation. However, these represent a rather narrow
spectrum of therapeutic regimens compared to the
number available for solid tumors. In solid tumors,
cancer cells are highly concentrated, allowing thera-
peutic agents to accumulate at tumor sites through
enhanced permeation and retention. In contrast,
leukemia cells are widespread in the circulatory system
and are surrounded by normal blood cells.25 Under these
circumstances, any nonspecific cytotoxin26 would also
destroy normal blood cells, thereby affecting the oxygen
supply to the tissues and the entire immune system.
Therefore, a targeted, robust therapy that could specifically
kill leukemia cells, while leaving normal cells unharmed,
would be highly desirable.
Using a combinatorial PDT/PTT approach in the

present work, aptamer switch probe (ASP)-modified
AuNRs were designed to carry chlorin e6-polyvinylpyr-
rolidone (Ce6-PVP)27 to the target cancer cells. In this
approach, PDT is controlled by singlet oxygen genera-
tion (SOG) achieved by manipulating the quenching
and recovery of photosensitizer fluorescence, which is,
in turn, tuned by controlling the distance between the
quencher and photosensitizer. The cancer cells can be
selectively destroyed by illumination with white light
during PDT, while minimizing phototoxic tissue da-
mage to the surrounding normal tissues. In this work,

AuNRs served as photosensitizer carriers and quench-
ers to manipulate the targeted PDT, as well as hy-
perthermia agents to kill target cancer cells upon laser
irradiation. Due to the synergistic effect, the therapeu-
tic efficacy of AuNRs�photosensitizer complexes was
enhanced compared to PDT or PTT alone.

RESULTS AND DISCUSSION

To achieve the targeted PDT, the fluorescence of the
aptamer-conjugated photosensitizer should be que-
nched in the absence of target and be recovered when
target is present. The sgc8 leukemia aptamer by itself is
an “always-off” aptamer, which remains in its hairpin
form when linked to a gold surface. If the aptamer
remained in this state, the photosensitizer would al-
ways be quenched, leaving it nonphototoxic even
under light illumination. If a polyethylene glycol
(PEG) spacer was introduced to the 30-end or 50-end
to activate the fluorescence, the PEG-linked sgc8
would become an “always-on” aptamer,6 resulting in
a high background. To control the quenching and
recovery of fluorescence, an ASP was developed,28,29

which also used an activatable aptamer probe to
control the activity of the photosensitizer for targeted
destruction.
Our strategy for multimodal therapy and the se-

quence of ASP are shown in Scheme 1. As presented,
the photosensitizer Ce6 is connected to the 30-end of
ASP via the coupling between the carboxyl group of
the Ce6 molecule (the chemical structure is presented
in Figure S1) and the amino group at the 30-end of sgc8,
an aptamer for acute lymphoblastic leukemia T-cells. A
poly-T chain links the 50-end of sgc8 to an 8-base
segment complementary to sgc8, which ends in a

Scheme 1. Schematic representation of ASP�photosensitizer�AuNRs for PTT and PDT.
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sulfhydryl group for attachment to AuNRs. Unlike the
typical “always-on” aptamer probes, which are char-
acterized by high backgrounds and limited contrast,
the ASP, which is amolecular beacon aptamer, exhibits
quenched fluorescence in its free “off” state, but under-
goes a structural change upon binding to target cancer
cells in its “on” state.28 Thus, in the absence of target
cancer cells, photosensitization by Ce6 is inhibited by
proximity to the AuNR surface based on hybridization
of the 8-base segment with part of sgc8 and overlap of
the Ce6 emission and AuNR absorption bands.3 How-
ever, when a target cancer cell is present, it binds to the
aptamer, disrupting the hybridization to the 8-base
segment. As a result, the sgc8 aptamer self-hybridizes
to form its usual hairpin structure. The poly-T then
extends out, allowing Ce6 to move away from the gold
surface, effectively removing the quenching effect.
Subsequent light irradiation causes singlet oxygen,
1O2, to be released to destroy the cancer cells by
PDT. In addition to being ultraefficient quenchers for
photosensitizer Ce6, AuNRs can carry multiple Ce6-
ASPs to induce a high local concentration of photo-
sensitizer to kill the target cells more efficiently.
Furthermore, photothermal agent AuNRs can convert
laser light to heat,30 which dissipates in the surround-
ing microenvironment to kill cancer cells. In this ther-
apeutic mode, the combined singlet oxygen gene-
ration and heat energy lead to more effective cell
destruction due to the synergistic effect.
Gold NRs with cetyltrimethylammonium bromide

(CTAB) surfactant coating were synthesized following
a seed-mediated protocol.31 As displayed in Figure 1,
the aspect ratio of the AuNRs was about 3.3, and the
longitudinal plasmon resonance absorption (LPRA)
band was located in the NIR region. To prevent aggre-
gation of AuNRs during the conjugation process and
reduce the toxicity of AuNRs, thiol-terminated poly-
(ethylene glycol) (mPEG-SH) was conjugated on the
AuNR surfaces via thiol chemistry.7

The Ce6 used in this study is a second-generation
photosensitizer with good optical properties and high

quantum efficiency for singlet oxygen production,5

which has been widely used for PDT.5,23,32 In addition,
the absorption peaks of Ce6 are at 397, 510, and
664 nm with emission at 664 nm, which overlaps the
wide LPRA of AuNRs. Since the LPRA of AuNRs in the
NIR region overlapped with the emission band of Ce6
(Figure 1), the fluorescence and SOG of Ce6 could be
inhibited due to energy transfer from the excited Ce6
to AuNRswhenCe6 is close to the gold surface, thereby
reducing the Ce6 background signal.
In the therapeutic work, it is important to target only

particular cell types, thereby limiting side effects that
result from nonspecific delivery. To check the specifi-
city, aptamer sgc8, which binds the cell membrane
protein tyrosine kinase-7 (PTK7) with high affinity and
selectivity,33 was used in our study with different types
of cell lines, including target cancer cell CCRF-CEM
(acute lymphoblastic leukemia T-cells) and negative
control Ramos cells (acute lymphoblastic leukemia
B-cells). For these experiments, the aptamer was la-
beled with a FAM fluorophore. The flow cytometry
results in Figure 2 show that target CCRF-CEM cancer
cells showed strong fluorescence signal at both 4 and
37 �C. However, the fluorescence signal of the control
Ramos cells was asweak as that from cells only at either
4 or 37 �C. Moreover, a random library (Lib) sequence
was used as a control sequence to study the specific
binding. The data showed that for both target cancer
cells and nontarget cells the Lib gave a signal as weak
as that from cells only, suggesting that nonspecific
binding or internalization of Lib was very slow under
our conditions. Trypsin was used to remove the anti-
PTK7 aptamer target on the cell membrane.34 After
trypsin treatment, the fluorescence signal from flow
cytometry of CCRF-CEM was very weak at 4 �C, but it
still showed a high fluorescence signal at 37 �C, which
can be attributed to the binding of aptamer to the cell
membrane protein at 4 �C and the internalization at
37 �C.34 To achieve enhanced therapy, we incubated
aptamer with cells at 37 �C for further study.
To monitor the sgc8 internalization dynamic pro-

cess, the time and dose dependence of internalization
were studied by flow cytometry. It was reported that
due to the internalization function of PTK7, sgc8 was
taken up by cells and delivered into the endosomes.34

Therefore, the target cancer cells showed a higher
internalization rate than nontarget ones. As shown in
Figure 3, a much stronger signal was achieved with
longer incubation time and higher concentrations for
both CCRF-CEM and Ramos. That is, more aptamers can
be carried into the cancer cells with higher aptamer
concentration or longer incubation time within 1.5 h. It
should be noted that nonspecific binding of aptamer
and Ramos occurred when the incubation time was
longer than 2 h. Therefore, the cells were incubated
with probes for less than 2 h to reduce the nonspecific
internalization.

Figure 1. Absorption spectra of the AuNRs-Ce6 complex
and free Ce6; emission spectrum of free Ce6. Inset: TEM
image of AuNRs.
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We also studied the specific binding of the ASP with
CCRF-CEM and Ramos to determine the effect of the
poly-T linker length in the ASP by flow cytometry. As
shown in Figure 4, for the unconjugated ASP, the
binding affinity increased with longer T linker, while
for the ASP-NRs (Figure 4A), the binding affinity in-
creased from 8 to 32 T bases, but dropped back at 40 T
bases (Figure 4B). The enhancement in binding affinity
with up to 32 T results from the increased distance
between the fluorophore and the gold surface, leading
to the recovery of fluorescence. The decrease above 32
T bases may have been caused by increased flexibility,
which allows the fluorophore to move closer to the
gold surface. The optimum32 T spacer lengthwas used
for further experiments. In this case, the distance
between gold surface and photosensitizer is 40bp,
including 32 T bases and 8 complementary bases. It
is noteworthy that the ASP-NRs showed a much stron-
ger fluorescence signal in flow cytometry, which may
be attributed to the attachment of multiple ASPs on
each AuNR.6,7 The control experiment was checked
with Ramos cells (Figure 4C and D), which showed that
both ASPs and ASP-AuNRs could induce only a weak
nonspecific internalization, which suggests that non-
specific recognition internalization occurred at a very
slow rate, leading to high specific internalization by the
target cancer cells.

For targeted PDT, photosensitizer molecules Ce6
were linked to ASP-T32-NR conjugates, and the SOG
was determinedwith a singlet oxygen indicator: singlet
oxygen sensor green (SOSG).23,35 In 50% D2O, the
SOSG signal of Ce6-ASP-T32 was quenched when
linked to the AuNR surface (Figure S2), but it was
enhanced by 3.5 times by addition of the complemen-
tary DNA (cDNA) of ASP-T32 (Figure 5), which allowed
Ce6 to move away from the gold surface to produce a
strong SOSG signal. Compared with cDNA, CCRF-CEM
cells showed a less enhanced SOSG signal, because the
formation of dsDNA (81 bt) allows Ce6 to move farther
from the AuNR than the binding to CCRF-CEM cells
(40 bt). In addition, lack of spatial hindrance caused by
cell binding allowedmore cDNA to hybridize with Ce6-
ASP-T32, moving more Ce6 away from gold surface to
produce singlet oxygen. There was no recovery of
SOSG in the presence of Ramos cells, showing that
SOG can be used for selective photodynamic treat-
ment of CCRF-CEM cancer cells.
Cell destruction by both PDT and PTTwas studied by

irradiation with either white light or an 812 nm NIR
laser. As indicated by the SOSG studies, singlet oxygen
is produced after binding of CCRF-CEM. Therefore, as
shown in Figure 6, the cell viability decreased with
increasing light illumination. However, when the illu-
mination period was longer than 3 h, the cell viabilities

Figure 2. Flow cytometry results of aptamer binding with CCRF-CEM (A) and Ramos (B) under different conditions. (All flow
datawere recordedwith FAMbecause there is no channel available to detect Ce6 inflowcytometry.) Cells, 200k/sample; sgc8,
200 nM.

Figure 3. Time- and dose-dependent binding of sgc8 with cancer cells at 37 �C. Cells, 200k/sample; sgc8, 200 nM.
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of CCRF-CEM and Ramos were both lower than 90%.
Therefore, a 2 h irradiation with white light was em-
ployed for PDT studies. White light showed only
slight harm to cells without photosensitization. With
target CCRF-CEM, the Ce6-ASP caused significant cell

destruction under white light illumination, but the
Ramos control cells showed high cell viability.
As thermal agents, AuNRs are able to convert light to

heat for PTT.6,36 During laser irradiation, the tempera-
ture of the solution increased from about 25 �C to 55 �C
whenASP-NRswere incubatedwithCCRF-CEM(Figure7A).
However, in the absence of AuNRs, or if ASP-NRs were
incubated with nontarget cancer cells, the tempera-
ture remained lower than 37 �C. After laser irradiation,
cell death was determined using propidium iodide (PI)
dye and monitored by flow cytometry, as shown in
Figure 7B. The results indicate that CCRF-CEM with
AuNRs-ASP-Ce6 showed a high PI signal, but cells
without AuNRs, or AuNRs with nontarget Ramos cells,
showed a weak PI signal, indicating that probe�target
selectivity allows photothermal destruction of target
cells. Furthermore, a synergistic effect was observed
during the PTT (Figure S2 and S3). The fluorescence
spectra were recorded before and immediately after
NIR irradiation (Figure S2). Since the temperature of the
solution without AuNRs did not increase appreciably
(Figure 7), the fluorescence of Ce6-ASP-T32 changed
very little. For Ce6-ASP-T32-NR, the system could reach
a higher temperature than the melting temperature of
ASP-T32 (46.1 �C, calculated with Integrated DNA Tech-
nologies Oligo Analyzer software) and provide a higher
percent of fluorescence enhancement. The NRs absorb
the light of the NIR laser to produce heating to accel-
erate the change of the ASP structure, leading to the
release of Ce6 from the gold surface,37 resulting in
enhanced PDT. Figure 3 shows the dynamic fluores-
cence signal of SOSG using a temperature controller to

Figure 4. Cell binding of FAM-modified aptamer and aptamer�AuNRs conjugates with cells: (A, B) CCRF-CEM and (C, D)
Ramos. Aptamers, 200 nM; aptamer�AuNRs, 0.2 nM; incubation time, 2 h.

Figure 5. Fluorescence of SOSG for Ce6-labeled ASP-T32-NR
conjugates under different conditions. Concentrations: Ce6-
ASP-T32-NR, 0.2 nM; cDNA, 200 nM; cells, 200k/sample.

Figure 6. Photodynamic therapy under white light for differ-
ent irradiation times. Cells, 200k/sample; probes, 0.2 nM.

A
RTIC

LE



WANG ET AL . VOL. 6 ’ NO. 6 ’ 5070–5077 ’ 2012

www.acsnano.org

5075

increase the temperature from 25 �C to 55 �C. Even in a
wider temperature range than obtained from NIR
irradiation, ASP-T32 still showed a lower percent fluo-
rescence enhancement than ASP-T32 linked to NRs.
These results can be attributed to the release of Ce6
from the gold surface, leading to fluorescence recovery
and resulting in a higher SOSG signal.
Figure 8 shows the combined PDT/PTT therapy data,

expressed as the mean ( standard deviation. The
statistical differences were assessed by Student's t-test.
The control cells, which were incubated with AuNRs-
ASP-Ce6, but without any light irradiation, showed no
damage (Figure S4 in the Supporting Information).
After white light irradiation of CCRF-CEM cancer cells,
the cell viability decreased to about 80% (p < 0.05)
because the photosensitizer was excited by white
light,19,35 leading to the photodynamic killing of cancer
cells. To demonstrate the multimodal effect of AuNR-
ASP-Ce6 conjugates, NIR laser (812 nm) irradiation for
10 min decreased the cell viability of CCRF-CEM cancer
cells to 63% (p < 0.05) based on the photothermal
killing of cancer cells. However, by using AuNRs-ASP-Ce6

conjugates as agents for both PDT and PTT, the cell
viability was just under 40% (p < 0.0001), indicating
that AuNRs-ASP-Ce6 conjugates can destroy cancer
cells more efficiently when used for both PDT and
PTT. In contrast, PDT/PTT cytotoxicity to nontarget
Ramos (Figure S1) cells was negligible, with cell viabi-
lity of about 88%.

CONCLUSIONS

In summary, Ce6-ASP-NR composites have been
successfully designed for multimodal cancer therapy.
The ASP undergoes a structural change in the presence
of target cancer cells to drive Ce6 away from the gold
surface, thereby producing singlet oxygen for PDT
upon light irradiation. However, AuNRs, which can
convert light to heat, can also destroy cells by a
hyperthermia effect to produce a unique photother-
mal therapy modality. Combined with the high selec-
tivity and specificity of ASP, this PDT/PTT multimodal
strategy promises to be a more efficient therapeutic
regimen against cancer cells than either PDT or PTT
alone.

MATERIALS AND METHODS
Preparation of AuNRs. AuNRs were prepared according to the

seed-mediated protocol using CTAB as a soft template.31 First, in
the presence of 7.5 � 10�2 M CTAB solution, gold seeds were
prepared by reducing 2.5 � 10�4 M HAuCl4 3 4H2O with 9.0 �

10�4 M ice-cold NaBH4. During vigorous stirring, the mixture
rapidly developed a light brown color; the solution was then
kept at 25 �C before further use. A 25.0 mL growth solution was
prepared containing HAuCl4 3 4H2O (4.0 � 10�4 M) and CTAB
(9.5 � 10�2 M), followed by the addition of 0.15 mL of 0.01 M

Figure 7. (A) Temperature�time curves of Ce6-labeled ASP-T32-NR complex and (B) photothermal therapy results with laser
irradiation. sgc8-NRs, 0.2 nM; cells, 200 k/sample; probes, 200 nM; laser wavelength, 812 nm.

Figure 8. Cell viability data (A) and imaging (B) of CCRF-CEM cells incubated with Ce6-ASP-T32-NRs without light irradiation
(cells only), under white light irradiation (PDT), under 812 nm laser irradiation (PTT), and PDTþPTT, respectively. Cells, 200k/
sample; probes, 0.2 nM. p values were calculated by Student's t -test: *p < 0.05, **p < 0.001, ***p < 0.0001, n = 3.
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AgNO3 and 0.16 mL of 0.1 M L-ascorbic acid (L-AA). During
mixing, the solution immediately became colorless. Finally,
0.11 mL of 2 h-aged gold seed solution was added to the above
solution and stirred vigorously for 20 s, with the color gradually
becoming red. The mixed solution was left undisturbed over-
night for further growth.

DNA Synthesis. All DNA oligomers (sequences in Table S1 in
the Supporting Information) were synthesized in our labwith an
ABI3400 DNA/RNA synthesizer (Applied Biosystems, Foster City,
CA, USA). DNA oligomers were deprotected in AMA (ammo-
nium hydroxide/40% aqueous methylamine, 1:1) solution at 65
�C for 20�30 min and then transferred to 15 mL plastic tubes
and mixed with 250 μL of 3.0 M NaCl and 6.0 mL of ethanol,
followed by placement into a �20 �C freezer for precipitation.
After centrifugation at 4000 rpm at 4 �C for 15�30 min, the
precipitated DNA products were dissolved in 400 μL of 0.2 M
trithylamine acetate (Glen Research Corp.) for HPLC purification
with a C-18 reverse-phase HPLC column (ProStar, Varian, Walnut
Creek, CA, USA). The collected DNA products were dried and
detritylated by dissolving in 200 μL of 80% acetic acid for 20min
at room temperature and then precipitated with 20 μL of 3.0 M
NaCl and 500 μL of ethanol at�20 �C, followed by drying with a
vacuum dryer. Finally, the concentrations of DNA oligomers
were measured with a Cary Bio-300 UV spectrometer (Varian,
Walnut Creek, CA, USA).

Synthesis of Aptamer�Photosensitizer. The aptamer�photosen-
sitizer conjugate synthesis includes the on-machine synthesis
and the off-machine coupling of chlorine e6 (Frontier Scientific,
Inc.). The DNA synthesis on-machine was carried out on the ABI
3400 DNA synthesizer, as described in the DNA Synthesis
section. To couple Ce6, which contains three carboxyl groups,
we used 30-amino controlled pore glass (CPG) as a DNA func-
tional group. After finishing DNA synthesis, the fmoc protective
group of 30-amino CPG was removed by 15% 1,5-diazabicyclo-
(5.4.0)undec-5-ene. To improve the coupling efficiency, the
concentration of Ce6 was 10 times greater than the concentra-
tion of the DNA product in the coupling reaction. In 500 μL of N,
N-dimethylformamide (Sigma-Aldrich Inc.), 10 μmol of Ce6 was
mixed with an equal molecular amount of N,N0-dicyclohexyl-
carbodiimide (Sigma-Aldrich Inc.) and N-hydroxysuccinimide
(Sigma-Aldrich Inc.). After the activation reaction with 24 h
stirring, the sample was washed with acetonitrile until clear
and then dried by a vacuumdryer. After deprotectionwith AMA,
aptamer�photosensitizer was further purified by reverse-phase
HPLC. Finally, the concentration was measured by a Varian Cary
Bio-300 UV spectrometer.

Functionalization of AuNRs with Thiol-Modified Probe. The functio-
nalization of AuNRs followed a published protocol in our
laboratory.7 Before conjugation, the thiol-functionalized oligo-
mers (0.1 mM) were activated by 0.l mM TCEP in 50 mM PBS
(pH 7.4) buffer for 1 h at room temperature. To decrease the
excess CTAB, the as-prepared AuNR solution (10.0 mL) was
centrifugated at 14000 rpm for 10 min, and the precipitate
was redispersed with water. To stabilize and functionalize,
10.0 mL of Au NRs were coated with 200 μL of freshly prepared
mPEG-SH (2.0 mM). The resultant mixture sat for 1 h at
room temperature, followed by the addition of deprotected
thiol-aptamer. The mixtures were then incubated for 16 h, aged
for another 12 h with 0.2 M NaCl, and finally purified by centrifuga-
tion at 12000 rpm for 5 min.

Evaluation of SOG. All fluorescence measurements were per-
formed using a Fluorolog-3 spectrofluorometer (Jobin Yvon
Horiba). A 120 μL microcuvette was used for the spectrofluo-
rometer experiments. To evaluate the SOG of probe samples,
the SOSG was introduced at a concentration of 2.0 μM using
50% D2O as solvent. The SOSG fluorescence was read with the
excitation at 494 nm and the maximum emission at 534 nm
after the irradiation. For evaluating SOG induced by cDNA, a 10-
fold greater concentration of cDNA thanASP-T32was added and
incubated at 37 �C for 0.5 h.

Cell Culture. CCRF-CEM (CCL-119, T-cell line, human ALL) and
Ramos (CRL-1596, B-cell line, human Burkitt's lymphoma) were
cultured in RPMI 1640 medium (Amezrican Type Culture
Collection) with 10% fetal bovine serum (FBS, Invitrogen,
Carlsbad, CA, USA) and 0.5 mg/mL penicillin�streptomycin

(American Type Culture Collection) at 37 �C under a 5% CO2

atmosphere. Cells were washed before and after incubation
with washing buffer [4.5 g/L glucose and 5 mM MgCl2 in
Dulbecco's PBS with calcium chloride and magnesium chloride
(Sigma-Aldrich)]. Binding buffer used for selectionwas prepared
by adding yeast tRNA (0.1 mg/mL; Sigma-Aldrich) and BSA
(1 mg/mL; Fisher Scientific) to the wash buffer to reduce back-
ground binding.

Flow Cytometric Analysis. In flow cytometry tubes, 200 nM
aptamer, or aptamer on nanorod equivalent, was incubated
with 200k CCRF-CEMor Ramos cells at 4 or 37 �C for 2 h in 200 μL
of binding buffer. The cells were washed twice with 1 mL of
washing buffer, centrifuged at 1260 rpm for 3 min, then
resuspended in 100 μL of binding buffer and analyzed on a
FacsScan flow cytometer (channel #1 for FAM).

Trypsin Treatment of Cells. First, cells were incubated with
aptamer or random sequence at 4 or 37 �C for 2 h. They were
then washed with 1 mL of washing buffer to remove the
unboundDNA sequences and FBS in themediumor the binding
buffer to avoid interference with the function of trypsin, then
incubated with trypsin (500 μL, 0.05%)/EDTA (0.53 mm) in HBSS
at 37 �C for 10 min. After the incubation, the cells were washed
twice with 1 mL of washing buffer and suspended in binding
buffer (100 μL with 0.1% NaN3) for the flow cytometric analysis.

Study of Temperature Enhancement in Cells Bound with AuNR. It is
reported that AuNRs are good hyperthermia agents,1,3 as they
are able to induce a temperature increase when they absorb NIR
radiation.36 AuNRs were incubatedwith cells at 37 �C for 2 h and
centrifuged at 1260 rpm for 3 min to remove the unbound NRs.
The temperature curve was recorded in real time with a Quarto-
FAP System.

Cytotoxicity Study. The cytotoxicity study was performed
using the CellTiter 96 Aqueous One Solution cell proliferation
assay (MTS) for CCRF-CEM and Ramos cell lines in a 96-well cell
culture plate at 200k/well. First, the cells were allowed to bind
with NRs-ASP conjugates for 2 h at 37 �C, followed by centrifu-
gation at 1260 rpm for 3 min to remove the unbound NRs-ASP.
Cells were then irradiated with laser or white light and then
incubated at 37 �C under 5% CO2 for 48 h, during which cells
grew in log phase. Finally, a six-times-diluted MTS solution
(120 μL/well) in PRMI-1640medium solution was added to each
well and incubated at 37 �C for 2 h. The absorbance value at
490 nm was determined by a VersaMax microplate reader
(Molecular Devices, Inc.).
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