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Herein, we propose a simple method for combining two
functional DNA groups, such that one group is capable of
recognizing the target cell, while a complementary group acts
as a drug delivery carrier. This novel G-quadruplex–aptamer–
drug platform takes advantage of the target-recognition
function of a DNA aptamer and the drug-loading ability of
a G-quadruplex.

The design and engineering are based on DNA self-
assembly. DNA has been widely used as a building block in
the design of self-assembled nanostructures because of its
well-defined geometry and highly predictable and program-
mable interactions.[1–12] DNA can form a self-assembled
pattern, either by itself[1,2, 6, 9] or in conjugation with other
units, such as nanoparticles or carbon nanotubes.[3, 11,13]

Watson–Crick base-pairing is one internal driver of DNA
self-assembly,[4] as Seeman�s group has reported;[14–17] the
formation of G-quadruplexes is yet another mode of self-
assembly. Briefly, in a guanine-rich region of DNA, three or
four guanine bases associate into a cyclic Hoogsten hydrogen-
bonding arrangement, and the stack of G-quartets forms G-
quadruplexes.[18, 19] Compared to Watson–Crick base pairing,

each guanine base makes two hydrogen bonds with its
neighbors using different hydrogen-bonding positions. Stabi-
lization of the G-quadruplex structure is achieved by such
cations as K+ and Na+. More important to the present report,
the photosensitizer 5,10,15,20-tetrakis-(1-methyl-4-pyridyl)-
21H,23H-porphine (TMPyP4) tends to intercalate into G-
quadruplex structures,[19–22] and, as such, it can be delivered to
a target cell by a high-affinity aptamer. When activated by
light of a specific wavelength, the photosensitizer transfers the
light energy to molecular oxygen to generate reactive oxygen
species (ROS), which mediate cellular toxicity.[23] Shieh et al.
reported that aptamer As1411, which tends to form an
intramolecular G-quadruplex, was able to selectively deliver
TMPyP4 into MCF7 breast cancer cells. The As1411–
TMPyP4 complex was resistant to degradation and digestion
by the enzyme DNase I. Furthermore, As1411–TMPyP4
achieved higher target cell accumulation and cytotoxicity to
MCF7 cells than TMPyP4 itself.[24]

Tan and co-workers have developed a DNA self-assembly
strategy to form hydrogels for detection and controlled
release.[25, 26] Specifically, aptamers covalently linked with
doxorubicin[27] and photosensitizer Ce6[28] were designed to
achieve selective drug delivery. Herein, we report another
novel self-assembly strategy, which combines the target-
recognition function of a DNA aptamer and the drug-loading
ability of a G-quadruplex. Both intermolecular G-quadruplex
formation and drug loading are characterized, and the
application of this bifunctional unit is demonstrated by
selective delivery of a photosensitizer to cancer cells. Because
of the selective G-quadruplex–aptamer delivery, the photo-
sensitizer generated high toxicity to target cells and low
toxicity to reference cells upon irradiation with white light.
This scheme (Figure 1) may serve as a universal method for
joining two functional groups by DNA self-assembly. Fur-
thermore, it brings the promise of aptamer-based therapeutics
closer to fruition.

Aptamers were first modified by guanine-rich segments
capable of forming intermolecular G-quadruplexes after
annealing in an appropriate buffer. The sequences were
designed based on two single-stranded DNA (ssDNA)
aptamers, Sgc8 and TD05 (see the Experimental Section for
sequences). Sgc8 was selected for binding with CCRF-CEM
cells (CEM), a human precursor T-cell acute lymphoblastic
leukemia (T-ALL) cell line, and TD08 was selected for
recognizing B-cell Burkitt�s lymphoma cell line (Ramos
cells).[29, 30] Sgc8 modified with DNA segment T-4G-4T-4G-
4T was demonstrated to form a G-quadruplex–aptamer
module in buffer 1 (see the Supporting Information). We
named this module G-quadruplex–Sgc8.
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The formation of the G-quadruplex was tested by
polyacrylamide gel electrophoresis (PAGE) and by circular
dichroism (CD) spectroscopy. (Figures S1 and S3 in the
Supporting Information) The binding of TMPyP4 with G-
quadruplex–Sgc8 was tested by UV/Vis spectroscopy (Fig-
ure S4 in the Supporting Information). A Job�s plot was then
used to ascertain the number of TMPyP4 molecules bound
per G-quadruplex (Figure S5 in the Supporting Information).
A series of solutions containing different molar fractions of
TMPyP4 and G-quadruplex–Sgc8 were prepared, with the
total molar amount of reactants held constant. The absor-
bances of the mixtures at 422 and 438 nm were recorded
(Figure S4 in the Supporting Information), and the absorb-
ance difference was plotted versus the molar fraction of
TMPyP4. The intersection of the two fitting lines showed that
the molar fraction of TMPyP4 in the complex is 0.858,
corresponding to a binding ratio of TMPyP4 to G-quadru-
plex–Sgc8 of 6:1. In addition to the high drug loading
efficiency, the rate of drug leakage from the G-quadruplex
carrier is slow; about 1=6 of the intercalated TMPyP4
dissociated in 57 h (Figure S7 in the Supporting Information)
at 37 8C. The slow leakage allows sufficient time for the
carrier–drug complex to target the cancer cells without losing
drug and minimizes possible side effects. Please refer to the
Supporting Information for the details of aptamer optimiza-
tion and G-quadruplex characterization.

The binding of modified aptamer with cells was studied by
flow cytometry. CEM and Ramos cells were treated with G-
quadruplex–Sgc8, G-quadruplex–TD05, biotin-T-4G-4T-4G-
4T-Sgc8 (8G–Sgc8), and Sgc8 in H2O and tested by flow
cytometry. Figure 2 shows the fluorescence intensity changes,
which correspond to the binding capacity of aptamer with
cells. A larger fluorescence intensity shift corresponds to
stronger binding of aptamers to the cells.

For the CEM cells (Figure 2 a), the unmodified Sgc8
sequence showed the strongest binding, followed by 8G–Sgc8
in H2O and G-quadruplex–Sgc8. The treatment of cells with
G-quadruplex–Sgc8 showed a lower fluorescence intensity
than the treatment with the aptamer without annealing. This

lower intensity occurred either because the binding capacity
between CEM cells and aptamer was slightly affected by the
modification of the Sgc8 sequence or because the binding
between biotin and streptavidin was hindered after formation
of the intermolecular G-quadruplex. Treatment of CEM cells
with G-quadruplex–TD05 did not generate a fluorescence
peak shift, indicating that, as anticipated, G-quadruplex–
TD05 did not bind to CEM. The binding of Ramos cells only
with G-quadruplex–TD05 is shown in Figure 2b. This finding
showed the selectivity of aptamers after modification. The
biotin-T-4G-4T-4G-4T-Sgc8 sequence in both G-quadruplex
formation and natural formation binds with CEM cells but
not with Ramos cells. After modification of the aptamer with
a segment of G-rich DNA and annealing, the binding
selectivity was maintained, even though the binding capacity
was slightly affected.

After the selectivity of the G-quadruplex–aptamer
module was confirmed, the delivery of TMPyP4 by G-
quadruplex–TMPyP4 and by TMPyP4 itself were compared
in relation to their cytotoxicity to both CEM and Ramos cells.
The cell toxicity tests were performed by measuring the cell
viability by MTS assay (see the Experimental Section for
details) after treatment by G-quadruplex–TMPyP4 or by
TMPyP4 alone and irradiation. A DNA sequence comple-
mentary to the Sgc8 aptamer (denoted cDNA) was used as an
antidote to control the delivery of TMPyP4. The results of
cytotoxicity tests are summarized in Figure 3. In this bar chart,
G-quadruplex represents annealed biotin-T-4G-4T-4G-4T-
Sgc8 (G-quadruplex–Sgc8), and G-quadruplex–TMPyP4 rep-
resents the complex of TMPyP4 and G-quadruplex–Sgc8.

The results showed that without carrier, TMPyP4 gen-
erated a low cytotoxicity to both target cells and reference
cells. With G-quadruplex–aptamer as the carrier module, the
toxicity of TMPyP4 to the target cells doubled, but the
reference cells were only slightly affected. With free TMPyP4
treatment, the relative viability of both CEM and Ramos cells

Figure 1. G-quadruplex–aptamer as a drug delivery carrier. The design
utilizes the G-quadruplex as the drug carrier and the aptamer as the
targeting molecule to deliver TMPyP4, which is known to bind and
stabilize different types of quadruplexes. The helical strand represents
the aptamer. Figure 2. Binding of modified aptamer with a) CEM and b) Ramos

cells. Different line styles represent different treatments: no treatment
(bold solid), streptavidin–PE (dashed), G-quadruplex–Td05 (dotted),
G-quadruplex–Sgc8 (dash-dot), 8G–Sgc8 (dash-double dot), and Sgc8
(solid). PE = Phycoerythin.
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decreased to about 75%. When treated with G-quadruplex–
TMPyP4, CEM cells showed an even lower viability (54 %),
thus indicating that treatment with G-quadruplex–TMPyP4
killed 21 % more CEM cells than TMPyP4. On the contrary,
the viability of Ramos cells was only slightly affected by the
treatment with G-quadruplex–TMPyP4 (about 95 %). The
20% increase of viability compared with the treatment with
TMPyP4 showed the lower toxicity of G-quadruplex–
TMPyP4 in Ramos cells. When the cDNA of Sgc8 aptamer
was added to G-quadruplex–TMPyP4, the viability was about
100 % for CEM cells. This result showed that the cDNA can
be used as an antidote during treatment. The addition of G-
quadruplex without TMPyP4 increased the viability of Ramos
cells by about 50 %, possibly because addition of G-quad-
ruplex–Sgc8 triggers the proliferation of Ramos or because
the addition of G-rich DNA segments provides more building
blocks for cell proliferation. This result demonstrated that the
delivery of TMPyP4 by G-quadruplex–TMPyP4 generated
higher phototoxicity to CEM cells with very little toxicity to
Ramos cells.

Comparing with the results of Shieh et al., the current
design has the advantages of low drug concentration, less
incubation time, and lower irradiation energy. Shieh et al.
reported a TMPyP4 delivery platform by AS1411 aptamer to
decrease the target cell viability by around 50% with 1 mm

TMPyP4, 2 h incubation for drug uptake, and 1278 mJcm�2

irradiation energy (180 s at 7.1 mW cm�2).[24] Even though
different cell lines were studied, our G-quadruplex–aptamer
module achieved similar results with 10 times less TMPyP4,
12 times shorter incubation time, and 7.6 times lower
irradiation intensity (10 min at 0.28 mW cm�2). The lower
drug concentration and irradiation intensity will significantly
decrease side effects of photodynamic treatment.

We expect that this technique may be applied in photo-
dynamic treatment of cancers such as leukemia and lym-
phoma. Besides that, this method may be applied to deliver

other reagents, such as fluorescence imaging reagents, as long
as the reagents can form complexes with the G-quadruplex.
However, the limited kinds of aptamers currently available
hinder the wide application of this method. This is a more
general demonstration of phototherapy with aptamers. The T
cell leukemia cell line was used for convenience, because the
aptamer Sgc8 targeting it has been selected previously. Also,
the interaction of the carrier–drug complex with target cells
needs to be studied, including the following questions:
1) Where is G-quadruplex–aptamer mainly localized after
incubation with cells? Does it bind on the cell membrane and
stay there, or is it internalized into the cell? 2) If it is
internalized, at what organelle will it be enriched? 3) How
long does the G-quadruplex circulate the in the cell or the
body? By addressing these questions, an optimized photo-
dynamic treatment based on the G-quadruplex–aptamer
module could be designed to achieve maximum benefit and
minimum side effects.

In conclusion, we proposed herein a simple method for
combining two functional DNA groups. In this way, increased
toxicity to the target cells was achieved during photodynamic
therapy, while the cytotoxicity of the photosensitizer to the
nontarget cells was minimized. DNA complementary to the
aptamer can be utilized as an antidote to control the delivery
of photosensitizer. We anticipate that the G-quadruplex–
aptamer–drug platform based on the intercalation of TMPyP4
within the G-quadruplex may be utilized to develop novel
effective cancer chemotherapy methodologies. In the future,
we plan to evaluate the internalization of the G-quadruplex–
aptamer–drug complex in cancer cells and then test the in vivo
efficacy in animal models.

Experimental Section
Cell culture: CCRF-CEM (CCL-119, T-cell line, human acute
lymphoblastic leukemia) and Ramos (CRL-1596, B-cell line, human
Burkitt�s lymphoma) cells were obtained from American Type
Culture Collection. Cells were cultured in RPMI 1640 containing
10% fetal bovine serum (FBS, 10%), and penicillin–streptomycin
(100 IU mL�1) at 37 8C in a humid atmosphere with 5% CO2.

Aptamers: Aptamer and modified aptamer sequences with a 5’-
disulfide group were synthesized on the ABI3400 DNA/RNA
synthesizer (Applied Biosystems, Foster City, CA, USA). The
completed sequences were then deprotected in AMA (ammonium
hydroxide/40% aqueous methylamine 1:1) at 65 8C for 20 min and
further purified by reversed-phase HPLC (ProStar, Varian, Walnut
Creek, CA, USA) on a C-18 column. The concentration of aptamer
was determined with a Cary 100 Bio UV/Visible spectrophotometer
(Varian, Inc.).

Sgc8 sequence: A TCT AAC TGC TGC GCC GCC GGG AAA ATA CTG

TAC GGT TAG A

cDNA of Sgc8: ACG ACG CGG CGG CCC TTT TAT GAC ATG CCA

ATC T

TD05 sequence: AAC ACC GTG GAG GAT AGT TCG GTG GCT GTT

CAG GGT CTC CTC CGG TG

Buffer and annealing: Buffer 1: 200 mm KCl, 28 mm Tris-HCl,
4 mm MgCl2, pH 8. Buffer 2: 100 mm KCl, 10 mm Tris-HCl, 1 mm

Na2EDTA, pH 7.5. Tris = Tris(hydroxymethyl) aminomethane,
EDTA = ethylenediaminetetraacetic acid. G-modified aptamer
(40 mm) was annealed from 93 to 22 8C overnight and stored at 4 8C.

Circular dichroism tests: Annealed aptamer 10 mm in buffer 1,
annealed aptamer in TMPyP4, and TMPyP4 only were tested using an

Figure 3. Cell relative viability with different treatments represented by
four columns from left to right: G-quadruplex–TMPyP4, TMPyP4, G-
quadruplex–TMPyP4 plus cDNA, G-quadruplex. The TMPyP4 concen-
tration and irradiation time were optimized (data not shown): TMPyP4
100 nm, irradiation time 10 min at a light intensity of 0.28 mWcm�2.
The cells irradiated by the same lamp without drug treatment were
considered to have 100% viability. The error bar is the standard
deviation of nine replicates.
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AVIV Model 400 circular dichroism spectrophotometer (Aviv
Biomedical, Inc., NJ, USA) from 200 to 350 nm.

UVabsorption titration: The titration was performed with a Cary
100 Bio UV/Visible spectrophotometer (Varian, Inc.). The TMPyP4
was diluted to 10 mm. Different ratios of annealed G-quadruplex–Sgc8
in buffer 1 versus TMPyP4 were tested. The total molar concentration
of the aptamer and TMPyP4 was held constant, but their fractions
were varied to obtain the Job�s Plot.

Steady-state fluorescence: The steady-state fluorescence meas-
urements were recorded in a 1 cm � 0.2 cm quartz cell with a band
pass of 5 nm for both excitation and emission by a Fluorolog-Tau-3
spectrofluorometer (Jobin Yvon, Edison, NJ). Emission spectra at
420 nm excitation wavelength were tested after incubation at 4 8C for
30 min.

Transmission electron microscopy (TEM): G-quadruplex–Sgc8–
TMPyP4 complex was dropped onto carbon-coated 200 mesh copper
grids. Grids were placed on delicate-task-wipers to absorb excess
liquid and then dried in a desiccator overnight. The dried copper grid
with the complex was examined under a Hitachi H-7000 transmission
electron microscope (Hitachi, JAPAN).

Leakage of TMPyP4: To determine the leakage profile of
TMPyP4 from the G-quadruplex–aptamer, the free TMPyP4 drug
and the G-quadruplex–Sgc8–TMPyP4 complex in 200 mL buffer 1
were placed in Amicon Ultra-0.5 centrifugal filter devices with a
cutoff of 30 kDa molecules. The centrifugal filter devices were soaked
in 1.1 mL buffer 1 in the filtrate collection tubes and incubated at
37 8C. After 3, 7.25, and 21.25 h, 120 mL buffer was removed to
measure the TMPyP4 fluorescence using a FluoroMax-4 Spectro-
fluorometer (Jobin Yvon, Edison, NJ; excitation wavelength 420 nm;
emission wavelength 660 nm) and then poured back into the filtrate
collection tubes. After incubating 57 h at 37 8C, the centrifugal devices
were spun for 15 min at 14000 rpm, and the fluorescence intensity of
the filtrate was tested.

Binding of G-quadruplex–aptamer with cells: The CEM and
Ramos cells were washed with washing buffer and resuspended in
binding buffer. Cells were split between six tubes for testing: cells
only, cells plus streptavidin–PE, and cells with four different aptamers
individually plus streptavidin–PE. Cells were incubated on ice for
10 min for aptamer binding and 20 min for dye binding. The cells were
washed with 1.0 mL washing buffer and tested by a FACScan
cytometer (Becton Dickinson Immunocytometry Systems, San Jose,
CA, USA) by counting 20000 events.

Cytotoxicity test: Cell toxicity was tested by measuring the cell
viability by MTS assay (CellTiter 96 AQueous Non-Radioactive Cell
Proliferation Assay, Promega Corporation, Madison, Wisconsin,
USA) after treatment with G-quadruplex–TMPyP4 or TMPyP4
alone and irradiation. Cells irradiated by the same lamp without
drug treatment were considered to be 100% viable. The TMPyP4
concentration and irradiation time were optimized at 100 nm and
10 min at 0.28 mWcm�2. MTS involves colorimetric assays for
measuring the activity of enzymes that reduce MTS (3-(4,5-dime-
thylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium) or close dyes (XTT (sodium 3-[1-(phenylaminocar-
bonyl)-3,4-tetrazolium]-bis(4-methoxy-6-nitro) benzene sulfonic acid
hydrate), MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
liumbromide)) to formazan. In brief, CEM and Ramos cells were
cultured at a density of 5 � 104 cells per well (in 100 mL fresh medium)
in flat-bottomed 96-well plates. After 24 h, MTS assay reagent was
added to each well according to the manufacturer�s instructions. After
4 h in culture, the cell viability was determined by measuring the
absorbance at 490 nm using a 550 BioRad plate-reader (Bio-Rad,
Hertfordshire, UK).
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