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Cell Specific Aptamer–Photosensitizer Conjugates as a Molecular Tool in
Photodynamic Therapy

Prabodhika Mallikaratchy, Zhiwen Tang, and Weihong Tan*[a]

We have molecularly engineered an aptamer photosensitizer
using cell specific aptamers and a photosensitizer reagent,
Ce6, for highly selective phototherapy targeting tumor cells.
Photodynamic therapy (PDT) cleverly exploits the ability of a
photosensitizer (PS) to generate reactive oxygen species upon
irradiation with an appropriate wavelength of light.[1] Unlike
typical drugs, the toxicity of a PS results from the interaction
of excited photosensitizer with a neighboring oxygen that pro-
duces cytotoxic reactive oxygen species (ROS).[2] Recently, PDT-
based therapeutic approaches have garnered much attention;
however, one of the biggest challenges in using PS is the effec-
tive localization of the PS at the diseased site. By improving
the colocalization, it is feasible to increase efficiency of PDT.
Also, the hydrophobic nature of most photosensitizers makes
it difficult to dissolve them in typically aqueous, biological
fluids. The key in addressing these issues is the generation of
water soluble, tumor-selective probes coupled with PS prior to
treatment. To address this problem, several strategies such as
immunoconjugates, peptide or protein conjugates, and photo-
sensitizer encapsulated nanocarriers have been used.[3–8] How-
ever, these methods have drawbacks as conjugation with anti-
bodies or proteins is tedious and the shelf life of protein conju-
gates in general, is short. Also, crossreactivity of the cargo can
significantly lower the selectivity.

One way of generating effective molecular probes to differ-
entiate diseased cells is to use aptamers, that are capable of
identifying molecular level differences between a healthy cell
and a diseased cell.[9] This strategy will generate a panel of mo-
lecular probes capable of differentiating various types of cells
and make PDT specifically targeted. Owing to their many sig-
nificant advantages (including small size, easy chemical synthe-
sis with high reproducibility, easy chemical manipulation, and
low immunogenity), aptamers can be applicable in cancer ther-
apy. Aptamers, which are designer DNA/RNA probes,[10–11] are
considered to be one of the most effective molecular probes
in selective identification of one specific type of cancer cell.
Furthermore, several reports have already shown that the se-
lectivity of aptamers can be effectively used as a way to thera-

peutically target cancer cells.[12–14] These methods mainly fo-
cused on inducing cell toxicity by internalized aptamer-toxin
conjugates colocalized in a specific cellular compartment.

Recently, we have developed an effective method to gener-
ate aptamer-based molecular probes for the specific recogni-
tion and targeting of cancer cells.[9] Using this new strategy, re-
ferred to as cell-SELEX (cell based systematic evolution of li-
gands by exponential enrichment), we have selected a panel
of aptamers that can uniquely identify a given set of cancer
cells in complex biological mixtures and even in patient sam-
ples.[15–16] The selectivity of these probes originates from the
aptamer selection process where positive and negative selec-
tion processes are coupled to produce the most specific ap-
tamers for targeting tumor cells. These probes can be opti-
mized to have better binding properties.[17] They can also be
used to identify different expression patterns of the membrane
proteins in a variety of cell types. These unique recognition
patterns will assist in developing effective therapeutic and di-
agnostic tools.

Using cell-SELEX, we have identified an aptamer TD05.[15]

Through this work, we demonstrate that highly specific aptam-
ers can be selected for targeting one particular cell line with
high affinity. Interestingly, among a significant number of se-
lected aptamers, TD05 was unique in that it specifically recog-
nizes target Ramos cells, a Burkitt’s lymphoma cell line
(Figure 1).[15]

Compared to Ramos cells, TD05 binding with control cells
such as K-562, NB-4, HL60, and CEM cells is low.[15] We hy-
pothesized that this excellent specificity of TD05 could be
used to selectively target Ramos cells by effectively localizing a
photosensitizer on the cell membrane prior to light illumina-
tion. Advantages of the conjugation of a photosensitizer with
a negatively charged aptamer are twofold: 1) Effective colocali-
zation of the photosensitizer will increase the efficiency and
specificity of PDT and 2) Coupling of negatively charged DNA
increases the aqueous solubility of a photosensitizer. Thus, we
have combined the high selectivity of TD05 with easy chemical
manipulation of DNA to develop a highly selective aptamer
photosensitizer (APS) which can effectively destroy aptamer-
bound cancer cells.

The chemical conjugation of TD05 with chlorin e6 (Ce6), a
porphyrin based photosensitizer, was achieved using an amine
modified TD05 (Supporting Information Figure 1). The confir-
mation of conjugation of TD05 with Ce6 was done by observ-
ing the absorbance at 260 nm for DNA, and 404 nm for Ce6
(Supporting Information Figure 2). The effect of conjugation of
TD05 aptamer with Ce6 on generation of reactive oxygen spe-
cies (ROS) was evaluated according to the manufacturer’s pro-
tocol using a commercially available singlet oxygen sensor
green reagent. Compared with free Ce6, TD05–Ce6 conjugate
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did not show any loss in the generation of ROS (Supporting In-
formation Figure 3).

Next, we evaluated whether this conjugation had affected
the selective binding of the TD05 aptamer with target Ramos
cells. We performed an in vitro binding study using flow cy-
tometry (FACScan BD) with FITC labeled TD05 and Ce6 labeled

TD05 (Figure 1B). By observing the fluorescence shift resulting
from competition between the original TD05–FITC probes in
the presence of TD05–Ce6 conjugate, it was found that the
binding of TD05–FITC does shift lower in fluorescence, sug-
gesting that the TD05–Ce6 still recognize Ramos cells with se-
lectivity similar to that of FITC–TD05. In addition, binding of
TD05–Ce6 conjugates were analyzed with control cells using
flow cytometry counting 10,000 events at 404 nm excitation
(Supporting Information Figure 4). The observed binding pat-
tern of TD05–Ce6 was similar to that of TD05–FITC confirming
that the specificity of TD05 was retained. After confirming the
binding affinity of the TD05–Ce6 conjugate, we next evaluated
whether TD05-Ce6 can selectively target Ramos cells upon illu-
mination of light. We used CEM, a T-cell acute lymphoblastic
cell line and three myeloid leukemia cell lines K562, HL-60, and
NB-4 as the control. The cells were incubated with 250 nm of
TD05–Ce6 conjugate in the dark for 30 min. The Kd for TD05
was evaluated to be 75 nm;

[15] we thus used a TD05–Ce6 in
excess of its Kd to ensure that the cells are properly stained
with TD05–Ce6 conjugate. Then the unbound and nonspecifi-
cally attached probes were washed away prior to illumination
of light. As a result of the long absorbance range of Ce6, we il-
luminated the samples using a white fluorescent light (fluence
rate=2.88 Jcm�2) for 4 h. Cell viability was determined 36 h
after illumination by measuring propidium iodide incorpora-
tion using flow cytometry (10,000 cell events) to gauge the cy-
totoxicity of the treatments. Separate control experiments
were carried out using unmodified TD05 and free Ce6. The
free aptamer without Ce6, free Ce6 without aptamer, and cells
exposed to light did not show any significant toxicity (see
Figure 2).

Based on the initial selectivity studies with TD05 probe with
control cell lines (Figure 1A), we expected to observe similar
toxicity patterns with the TD05–Ce6 conjugate. We observed
that TD05–Ce6 toxicity had induced cell death in Ramos cells
(71.3% �6.9) which strongly correlated with our initial binding
patterns. The toxicity observed in control CEM cells (35.8%
�7.4), K562 (30% �3. 37), NB4 (36.4�7.09), and HL60 (<1%)
cell lines are over 50% less than the targeted cell lines. This

Figure 1. Selectivity and affinity comparison of TD05 before and after Ce6
conjugation. A) Flow cytometry analysis of FITC labeled TD05 with myeloid
leukemia cell lines K-562, NB-4 and HL 60. TD05 only binds with target
Ramos. B) Competitive binding of TD05 with Ramos cells for TD05 before
and after Ce6 conjugation. Shift to lower fluorescence after competitive
binding indicates that both probes bind to the cells with similar affinities.

Figure 2. Cell toxicity assay results for Ramos cells (P <0.05) after 30 min in-
cubation followed by irradiation of light for 4 h, and subsequent growth for
36 h. Target cell is Ramos, and control cell lines are CEM, K-562, NB-4, and
HL-60.
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suggests that the specific interaction of TD05–Ce6 on the cell
membrane could induce selective cell death by phototoxicity.
The calculated P value for the TD05–Ce6 induced cell toxicity
is 0.02 suggesting that TD05–Ce6 induced cell death is statisti-
cally significant. The slight toxicity of aptamer PS conjugate
toward CEM, K-562, and NB-4 could be due to nonspecific in-
teractions with the cell membrane. Whereas unconjugated Ce6
is insoluble in aqueous media and is washed away, the conju-
gation of the DNA aptamer with Ce6 dramatically increases its
aqueous solubility, resulting in an increased interaction of the
hydrophobic portion of Ce6 with the cell membrane.

We next investigated whether the demonstrated toxicity in-
duced from APS conjugate by interaction of aptamer with its
target protein or due to toxicity induced by light. The unirradi-
ated samples did not show any significant toxicity towards
Ramos cells, suggesting that the APS conjugate is not toxic in
the absence of light (Supplementary Figure 5). Also, we further
confirmed specific toxicity using a random DNA sequence at-
tached to the PS followed by treatment of respective cell lines
(Supplementary Figure 6). Random DNA labeled with Ce6 did
not show any toxicity towards Ramos cells, however, 26%
�2.15% decrease in cell viability was observed for CEM cells.
This could be due to nonspecific interaction of DNA attached
to Ce6 with the CEM cell membrane. Taken together, our ob-
served results suggest that TD05–Ce6 conjugates could selec-
tively induce cell death towards targeting Ramos cells. Also,
the incubation of the aptamers at 4 8C and washing away the
free probe prevent endocytosis of the aptamer or free drug
conjugates. The therapeutic efficacy can be increased by con-
jugating several Ce6 molecules using a multiple amino linker
linked to the DNA aptamer. However, this study has demon-
strated the feasibility of this approach in targeted cell treat-
ment in a therapeutical setting. Photoactive therapeutic ap-
proaches have great potential for cancer therapy. However, be-
cause of the limited therapeutic window, the long-term admin-
istration of photoactive drugs is usually not possible. For this
reason, conjugation of a photosenstizer with a targeting mo-
lecular probe that can be localized at the tumor site will en-
hance the therapeutic effectiveness. Herein, we have exploited
the specific recognition capability of DNA aptamers evolved
from live cells to effectively target one type of cancer cells. As
the photosensitizer is covalently attached, it also can provide
stability in the cellular environment. The observed selectivity
of evolved aptamers can be further utilized to selectively kill
target cells.

In conclusion, we have shown that aptamers selected using
cell-SELEX strategy can selectively target one specific cell line.
The binding affinity and selectivity of the aptamer after conju-
gation with a PS did not alter significantly. This suggests that
the versatility of the aptamer TD05 for detection and selective
targeting. Pronounced toxicity of TD05–Ce6 conjugate with
target cells strongly correlates with observed initial binding
patterns of TD05. Thus, by harnessing the advantages of cell-
SELEX in generating multiple effective aptamers for diseased
cell recognition, we will be able to develop highly efficient
photosensitizer based therapeutic reagents for clinical applica-
tions. In the next phase of our studies, we will be using a few

liver and/or lung cancer specific APS conjugates to target solid
tumors.

Experimental Section

Synthesis of conjugate: Amine modified TD05 was synthesized
using standard phosphoimidite chemistry and probes were purified
using reversed phase HPLC. The conjugation of photodynamic
ligand chlorin e6 (Ce6) (Frontier Scientific, Logan, UT) with amine
modified TD05 was done using N-hydroxysuccinimide ester (NHS)
of Ce6 and using dicyclohexyl carbodiimide (DCC) as a coupling
agent. Briefly, an equimolar of NHS, Ce6, and DCC were dissolved
in anhydrous DMF in the dark for 30 min. Activated Ce6 was then
added to amine modified TD05 in NaHCO3 at pH 7 by vigorously
stirring overnight in the dark. The unconjugated Ce6 was removed
by ethanol precipitation of DNA, repeated five times. Resulting
crude mixture was separated by HPLC. Quantification of the conju-
gated DNA and Ce6 was done by measuring the absorbance at
260 nm and 404 nm.
Characterization of conjugate: CCRF-CEM (CCL-119, T cell line,
human Acute Lymphoblastic Leukemia), Ramos (CRL-1596, B-cell
line, human Burkitt’s lymphoma), CA46 (CRL 1648, B-Cell line,
Human Burkitt’s lymphoma), Jurkat (TIB-152, human acute T cell
leukemia), Toledo (CRL-2631, B-cell line, human diffuse large-cell
lymphoma), K562 (CCL-243, chronic myelogenous leukemia (CML),
NB-4, and HL-60 (CCL-240, acute promyelocytic leukemia), were ob-
tained from American Type Culture Collection. All of the cells were
cultured in RPMI medium 1640 (American Type Culture Collection)
supplemented with 10% FBS (heat-inactivated; GIBCO) and
100 unitsmL�1 penicillin-streptomycin (Cellgro). Cells were washed
before and after incubation with wash buffer (4.5 gL�1 glucose and
5 mm MgCl2 in Dulbecco’s PBS with calcium chloride and magnesi-
um chloride; Sigma). Binding buffer used for selection was pre-
pared by adding yeast tRNA (0.1 mgmL�1; Sigma) and 1 mgmL�1

sheared salmon sperm DNA into wash buffer to reduce nonspecific
binding.
In vitro photolysis: Ramos cells and control cell lines were washed
with the cold binding buffer, and incubated with 250 nm of TD05–
Ce6 probe at 4 8C for 20 min. Cells were then washed with wash
buffer, exposed to white fluorescent light (fluence rate=
2.88 Jcm�2) for 4 h, and then recultured in RPMI-1640 for 36 h. The
cell viability was determined by popidium iodide incorporation (In-
vitrogen). Experiments were repeated three times and each time
with triplicates. Highly concentrated free Ce6 solution was made
by dissolving in DMF, stock solution was subsequently diluted ap-
propriate to each experiment. The optimal exposure times of cells
to TD05–Ce6 conjugate and fluorescent light were determined pre-
liminary time-course experiments (data not shown).
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