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Photodynamic therapy (PDT) has recently emerged as an
effective, noninvasive, and economical treatment for diseases
including cancers.[1] Traditional PDT suffers mainly from
having an insufficient number of photons penetrating the
tissue and preferentially targeting cancerous tissues with
photosensitizers. Therefore, it is necessary to construct
a method for controllable singlet-oxygen (1O2) generation
(SOG) with high selectivity and accurate localization to
provide more efficient PDT with fewer side effects.[2] Several
research groups have developed novel selective PDT agents,
such as peptide or protein conjugates, and photosensitizer
encapsulated nanocarriers.[3] In recent years, single-stranded
oligonucleotides called aptamers have emerged as a novel
class of molecules which rival antibodies in both therapeutic
and diagnostic applications.[4] Compared to antibodies,
aptamers offer significant advantages, such as flexible
design, synthetic accessibility, easy modification, chemical
stability, and rapid tissue penetration.[5] Therefore, aptamers
can potentially endow traditional PDT with high selectivity
and accurate localization. The formation of a G-quadruplex
(GQ) structure is results from a type of DNA self-assembly
mode. This structure can be stabilized by a central mono-
valent metal cation such as potassium or sodium ions and
small-molecule ligands including porphyrins.[6] Cationic por-
phyrins usually bind to G-quadruplexes through p–p inter-

actions with G-quartets and through electrostatic interactions
with the anionic phosphate groups on G-quadruplexes.[7]

According to previous studies, some photosensitizers are
porphyrin derivatives and are broadly used in PDT, such as
5,10,15,20-tetrakis-(1-methyl-4-pyridyl)-21H, 23H-porphine
(TMPyP4). Therefore, the G-quadruplex DNA sequence
can be a carrier for photosensitizers with porphyrin molecular
structures. By taking advantage of the loading function of the
G-quadruplex structure and the recognition function of
aptamers, the photosensitizer can be delivered to a target
cell with high affinity and selectivity.

Up to now, most photosensitizers have been activated by
visible light. As a consequence, the shallow penetration depth
of incident light has limited their otherwise wide applications.
If the photosensitizers are linked to a visible-light generator
and the generator is remotely controlled (turned on/off) by
near-infrared (NIR) light, then the problem of limited depth
penetration by visible light could be easily overcome. To solve
the problem of limited depth penetration of current PDT
techniques, we used upconversion nanoparticles (UCNPs), in
particular, lanthanide-doped rare-earth nanocrystals.[8] These
nanomaterials are able to emit shorter-wavelength photons
under excitation by NIR light, thus making them good visible-
light generators with the ability to be remotely controlled by
NIR light. Furthermore, owing to the ladderlike arrangement
of energy levels in lanthanide ions, UCNPs show high
efficiency of photon upconversion with a distinct set of
sharp emission peaks under moderate excitation densities,
thereby enabling targeted bioimaging when functionalized
with biomolecular recognition moieties.[9]

Herein, we report a specific aptamer-guided G-quadru-
plex DNA nanoplatform for targeted bioimaging and PDT,
and it is capable of selective recognition and imaging of
cancer cells, controllable and effective activation of the
photosensitizer, and improvement of the therapeutic effect.
In particular, a guanine-rich DNA segment is linked to an
aptamer to form a bifunctional DNA sequence, termed a G4-
aptamer. The G4-aptamer not only loads the photosensitizer
but also specifically recognizes target cells. As shown in
Scheme 1, the G4-aptamer is bioconjugated to a UCNP, thus
placing the photosensitizer TMPyP4 at position near the
UCNP for energy transfer between the UCNP and TMPyP4.
Once the nanoplatform is delivered into cancer cells, the
UCNPs are excited by NIR light to emit visible light to image
cancer cells and, in turn, to activate TMPyP4, which, finally,
generates sufficient ROS to efficiently kill cancer cells.
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The TMPyP4 used in this study is a porphyrin derivative.
Its unique symmetrical aromatic structure and cationic
properties allow it to bind to and stabilize the G-quadruplex
formation.[10] To achieve targeted delivery of TMPyP4, we
chose a 26-mer DNA aptamer, sgc8, as the targeting aptamer.
The sgc8 aptamer has been shown to have high binding
affinity to the cell membrane receptor protein tyrosine
kinase 7 (PTK7),[11] a protein that is over expressed on the
plasma membrane of CCRF-CEM cells (CEM), a human
precursor to the T-cell acute lymphoblastic leukemia (T-
ALL) cell line.[12] In brief, a guanine-rich DNA segment, T-
4G-4T-4G-4T, was linked with the CEM-cell-binding aptamer
to construct a bifunctional G4-aptamer platform. The section
nearest the 5’ end folds into a G-quadruplex structure to load
TMPyP4 while the section nearest the 3’ end specifically
recognizes CEM cells. Additionally, thiol modification on the
5’ terminus enables linking between the G4-aptamer and the
UCNPs through the bifunctional crosslinker sulfosuccini-
midyl 4-[N-maleimidomethyl] cyclohexane-1-carboxylate
(Sulfo-SMCC). As shown in Scheme 2, two G4-aptamer
sequences fold into GQs with the aptamers unaffected in
the presence of K+. Then, upon the addition of TMPyP4, the
G4-aptamer forms a large complex with the photosensitizer.
This design perfectly combines the loading function of the G-

quadruplex structure with the recognition function of aptam-
ers to compensate for the otherwise poor selectivity of
photosensitizers in traditional PDT, thus in turn providing
a universal strategy for the design of multifunctional plat-
forms in biomedical applications.

After annealing in an appropriate buffer, the G-quad-
ruplex conformation was verified by circular dichroism (CD)
spectroscopy (Figure 1a). The CD spectra and the conforma-
tions of G-quadruplexes show an empirical relationship. That
is, a positive band at l = 275 nm and negative band at l =

Scheme 1. Engineering of a targeted photodynamic therapy nanoplatform using an aptamer-guided G-quadruplex DNA carrier and near-infrared
irradiation.

Scheme 2. Interaction between the G4-aptamer and TMPyP4.

Figure 1. a) CD spectra of TMPyP4 (dashed line), the G4-aptamer
(dotted line), and the TMPyP4-G4-aptamer (solid line). b) UV/Vis
absorption titration spectra of TMPyP4 with the G4-aptamer. c) Agar-
ose gel electrophoresis tests of the G4-aptamer (lane 1), TMPyP4
(lane 2), and the TMPyP4-G4-aptamer (lane 3).
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250 nm represent parallel strands, whereas a positive band at
l = 290 nm and a negative band at l = 260 nm represent
antiparallel strands.[13] The negative peak at l = 250 nm and
positive peak at l = 275 in the G4-aptamer indicated that the
annealed aptamer did indeed form a parallel G-quadruplex
structure. Free TMPyP4 did not show any detectable CD
absorption. However, after mixing TMPyP4 with a solution of
G4-aptamer, the intensities of CD bands corresponding to the
G4-aptamer decreased, and a new negative peak emerged at
l = 441 nm, thus indicating the interaction between TMPyP4
and the G4-aptamer to form a TMPyP4-G4-aptamer com-
plex.[14] The UV/Vis spectrum of TMPyP4 showed an
absorption band at l = 422 nm. However, the peak position
shifted to l = 435 nm with the addition of the G4-aptamer to
the TMPyP4 solution (Figure 1b). This spectrum further
demonstrated the formation of the TMPyP4-G4-aptamer
complex. The agarose gel electrophoresis test (Figure 1c)
showed that the G4-aptamer formed a predominant G-
quadruplex structure because only one major band was
observed (lane 1). The TMPyP4 showed no signals, as
expected (lane 2), and lane 3 clearly indicated that the G4-
aptamer formed a large structure with TMPyP4, as the
electrophoretic mobility was slower than that of the G-
quadruplex (lane 1). All of these results demonstrated that
TMPyP4 and G4-aptamer formed a TMPyP4-G4-aptamer
complex after the annealing process.

To achieve highly efficient luminescence resonance
energy transfer (LRET) between the UCNP and TMPyP4
loaded on the G4-aptamer, we modified the originally
synthesized hydrophobic UCNPs with polyethylenimine
(PEI) to introduce amino groups, which not only enable the
linking between UCNPs and G4-aptamers but also make the
UCNPs hydrophilic for biological applications. As shown in
Figure 2a, the thiol-modified G4-aptamer forms a covalent
bond with the Sulfo-SMCC linked to amino group on the
surface of a UCNP to construct a UCNP-G4-aptamer. FT-IR
(see Figure S2 in the Supporting Information) and Zeta
potential (see Figure S3 in the Supporting Information)
measurements have been performed to verify each modifica-
tion step. Then TMPyP4 is effectively loaded into the G-
quadruplex structure, thus creating the proper distance for
energy transfer between the two components to achieve
effective activation of TMPyP4 by the UCNPs.

NaLuF4 nanocrystals doped with 12 %Gd, 50%Yb, and
2%Er (NaLuF4:12%Gd,50 %Yb,2%Er) were synthesized
following a previously reported protocol.[15] Our synthesized
NaLuF4-based UCNPs showed uniform sizes with an average
diameter of approximately 15 nm, as shown in Figure 2b.
Typical XRD patterns of the as-prepared UCNPs are
presented in Figure 2c. The diffraction peaks of the NPs are
well-defined, and the peak positions and intensities agree well
with the calculated values for hexagonal NaLuF4, thus
indicating that the as-prepared NPs are a highly crystalline
pure hexagonal phase. The upconversion luminescence spec-
trum of the UCNP-G4-aptmer displayed characteristic blue,
green, and red emission bands corresponding to the transi-
tions from the emitting energy levels of the Er ions as
illustrated (Figure 2d). The blue emission from UCNPs is well
matched with the absorption peak of TMPyP4, and the energy

transfer from UCNPs to TMPyP4 enables indirect activation
of the photosensitizer by NIR light. The UCNP-G4-aptamer
possesses excellent water solubility, as shown in the insert of
Figure 2d. Upon continuous-wave excitation at l = 980 nm,
the luminescence of the particles in water appears predom-
inantly yellow in color from a combination of green and red
emissions from the Er3+ ion. Generation of cytotoxic singlet
oxygen is critical in photodynamic cancer cell therapy, as it
directly leads to target cell apoptosis. The production of
a SOG by the UCNP-TMPyP4-G4-aptamer using laser
irradiation at l = 980 nm was quantified by measuring the
fluorescence of singlet oxygen sensor green (SOSG), which
can be specifically oxidized by singlet oxygen to produce
enhanced fluorescence upon oxidation.[16] As shown in Fig-
ure 2e, SOSG fluorescence increased 2.5-fold over a span of
40 minutes, and illustrates that singlet oxygen can be effi-
ciently generated from the cooperation of the UCNP and
TMPyP4 through a LRET process.

In this design, sgc8, which binds to the cancer cell
membrane protein PTK7 with high affinity and selectivity
(Kd = (0.8� 0.09) nm), was used to equip the UCNPs with
targeted bioimaging capability. CCRF-CEM with high PTK7
expression was used as the target cancer cell and Ramos
(acute lymphoblastic leukemia B-cells) without PTK7 was
used as a negative control cell. As shown in Figure 3a, CEM
cells incubated with the UCNP-G4-aptamer showed strong

Figure 2. a) Construction of the nanoplatform. b) TEM image of as-
synthesized NaLuF4:12%Gd,50%Yb,2%Er. c) X-ray diffraction (XRD)
pattern of NaLuF4:12%Gd,50%Yb,2%Er (top) compared to the stan-
dard spectrum (bottom). d) Room-temperature upconversion lumines-
cence spectra of the UCNP-G4-aptamer in water. Insert: corresponding
luminescence photographs. e) Determination of singlet oxygen
through the strong fluorescence of singlet oxygen sensor green
(SOSG) upon oxidation by singlet oxygen.
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fluorescence within the cells, whereas the UCNP-G4-aptamer
exhibited much less binding and internalization ability when
incubated with Ramos cells (Figure 3b). These data clearly
indicated that sgc8 showed great selectivity for CEM cells,
thus leading to the targeted bioimaging ability of the UCNP-
G4-aptamer. The targeting specificity of sgc8 toward CEM
cells was also confirmed by flow cytometry, as shown in
Figures 3c,d. The aptamer was labeled with 6-carboxyfluor-
escein (FAM). In this case, sgc8 was used as a positive control.
Compared to sgc8, the UCNP-G4-aptamer showed a stronger
binding affinity to CCRF-CEM cells at 37 8C. However, both
sgc8 and the UCNP-G4-aptamer exhibited weak affinity to
the control Ramos cells, as evidenced by only small fluores-
cence peak shifts (Figure 3d). These results demonstrated
that our UCNP-G4-aptamer could bind to and be internalized
by CEM cells with high selectivity but showed little affinity to
nontarget cells, thus indicating, in turn, that the aptamer-
guided G-quadruplex DNA nanoplatform we developed
could be used as a targeted luminescent probe for living
cells in bioimaging.

The NIR light triggered PDT of cancer cells was inves-
tigated by measuring cell viability using the MTS assay. Both
cell lines were treated with either UCNPs or the UCNP-G4-
aptamer under laser irradiation and showed negligible cell
death even at concentrations up to 250 mgmL�1 (Figures
4a,b), thus indicating excellent biocompatibility of the nano-
carriers. However, significantly reduced cell viabilities were
observed for CEM cells (Figure 4a) incubated with the
UCNP-TMPyP4-G4-aptamer of more than 100 mg mL�1

after exposure to the l = 980 nm laser (10 min, 1 min inter-
vals, 0.5 W cm�2). The cell viabilities were (42.9� 1.4)%
(mean � SD) for CEM cells treated with the UCNP-
TMPyP4-G4-aptamer at a concentration of 100 mgmL�1,
while the cell viabilities were (88.2� 2.1)% and (87.0�
3.5)% after treatment with UCNPs and the UCNP-G4-
aptamer, respectively, at the same concentrations. These
results showed that high phototoxicity was generated by the
UCNP-TMPyP4-G4-aptamer compared to UCNPs with P<
0.05. By increasing the concentration of the UCNP-TMPyP4-
G4-aptamer, the cell viability reduced to (28.6� 3.1)%
(150 mgmL�1), (20.3� 1.3)% (200 mgmL�1), and (10.4�
2.7)% (250 mgmL�1), and these three groups correspondingly
showed that the UCNP-TMPyP4-G4-aptamer could generate
increasingly greater phototoxicity to CEM cells with P< 0.05.

In contrast to the dramatic enhancement in phototoxicity
effects for the UCNP-TMPyP4-G4-aptamer on CEM cells,
a much less pronounced phototoxicity to Ramos cells was
observed for the UCNP-TMPyP4-G4-aptamer, with cellular
viability of (91.9� 2.2)%, (88.4� 3.8)%, (85.0� 2.0) %, and
(80.3� 2.8)% for four samples having a concentration of 100,
150, 200, and 250 mgmL�1 (P> 0.05), respectively. These data
suggest that this NIR light triggered nanoplatform provides
the conditions required for improved and selective cytotox-
icity to target cancer cells for the following reasons:
1) Aptamer functionalization enables specific binding to
CEM cells, followed by selective internalization of the

Figure 3. Confocal microscopy images of a) CEM cells (target cells)
and b) Ramos cells (control cells) treated with the UCNP-G4-aptamer.
Flow cytometry histograms to monitor the binding of the G4-aptamer
and UCNP-G4-aptamer with c) CEM cells and d) Ramos cells, respec-
tively.

Figure 4. Cytotoxicity assay of a) CEM cells (target cells) and b) Ramos
cells (control cells) treated with UCNPs, UCNP-G4-aptamer, and
UCNP-TMPyP4-G4-aptamer. P values were calculated by the t-test.
P>0.05 and * for P<0.05, n = 3. NS = not significant.
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nanoplatform. 2) TMPyP4 is suitably distant from UCNP in
the G-quadruplex DNA structure, thus allowing highly
efficient LRET to occur. 3) Compared to UV or visible
light, NIR light penetrates more deeply into cells or tissues,
thus causing less damage to normal cells.

In summary, we combined the beneficial features of
a DNA aptamer with 1) the intercalation of photosensitizer
TMPyP4 within the G-quadruplex DNA structure and 2) NIR
light triggered upconversion nanomaterials to develop
a smart cancer-specific imaging and photodynamic therapy
system. Utilizing sgc8 as a model for targeting, selective
cancer cell photodynamic therapy is realized using l = 980 nm
irradiation by resonance energy transfer from hexagonal-
phase NaLuF4:12%Gd,50%Yb,2 %Er UCNPs to photosen-
sitizer molecules. The unique upconversion luminescence
emission from UCNPs also provides a way for targeted cell
labeling and tracking, which will possibly be useful for future
imaging-guided therapy studies. We anticipate that the
UCNP-G4-aptamer-drug platform may be utilized to develop
novel effective cancer chemotherapy methodologies.
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