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Aptamer-conjugated nanomaterials for specific cancer
cell recognition and targeted cancer therapy
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Based on their unique advantages, increasing interest has been shown in the use of aptamers as target ligands for specific

cancer cell recognition and targeted cancer therapy. Recently, the development of aptamer-conjugated nanomaterials has

offered new therapeutic opportunities for cancer treatment with better efficacy and lower toxicity. We highlight some of the

promising classes of aptamer-conjugated nanomaterials for the specific recognition of cancer cells and targeted cancer therapy.

Recent developments in the use of novel strategies that enable sensitive and selective cancer cell recognition are introduced.

In addition to targeted drug delivery for chemotherapy, we also review how aptamer-conjugated nanomaterials are being

incorporated into emerging technologies with significant improvement in efficiency and selectivity in cancer treatment.
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INTRODUCTION

Despite advances in our understanding of molecular biology,
chemotherapy, radiotherapy and conventional surgical procedures,
cancer remains one of the leading causes of death in the world.1

Current cancer therapy, including chemotherapy and radiotherapy,
often lacks tumor cell specificity, resulting in severe toxic effects for
cancer patients undergoing these treatments. The ultimate goal in
cancer therapy remains focused on the development of treatment
modalities that effectively kill tumor cells without harming normal
cells.2 Thus, novel strategies for targeted cancer therapy are in great
demand for effective cancer treatment.
With the rapid development of nanotechnology, various nano-

structured materials have been successfully synthesized for biomedical
applications.3 Their diverse characteristics with multifunctional
theranostic capability show promising potential in cancer therapy.4

These nanomaterials can nonspecifically accumulate in cancer tissue
through the enhanced permeability and retention (EPR) effect, that is,
by passive targeting, albeit with limited dosage and selectivity.5

Recently, however, the active, cell-specific targeting of nanomaterials
has begun to represent a potentially powerful technology in cancer
treatment. Active targeting is achieved by conjugating nanomaterials
with targeting ligands that bind to overexpressed antigens or receptors
on the target cells. This specific binding to targeted cells leads to an

increased accumulation of nanomaterials on target cells while
minimizing harmful toxicity to non-target cells.
Over the past several years, aptamers have become a new class

of targeting ligands for diagnostic and therapeutic application in
cancer therapy.6–8 Aptamers are short, synthetic, single-stranded
oligonucleotides that specifically bind to various molecular targets,
including small molecules, proteins, nucleic acids, and even cells and
tissues with high affinity and specificity.9,10 Aptamers are derived
from an iterative process called systematic evolution of ligands by
exponential enrichment and represent a unique class of molecules
that are larger than small-molecule drugs but smaller than
antibodies.11,12 Compared with traditional ligands, including
antibodies, peptides and small molecules, aptamers exhibit
advantages such as low cost, low immunogenicity and toxicity, a
small size to enable solid tumor penetration and high affinity to bind
with the target, all of which make aptamers ideal candidates for
targeted cancer therapy.13,14

By combining the inherent features of nanomaterials with the
specific recognition ability of aptamers, aptamer-conjugated nano-
materials may provide a more efficient and less harmful approach to
meet the growing demands for novel strategies in the fight against
cancer.15–18 Herein, we focus on aptamer-conjugated nanomaterials
for specific cancer cell recognition and the development of novel
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aptamer-nanomaterial-based strategies for targeted cancer therapy.
This review first considers recent progress in the use of aptamer-
tethered DNA/lipid nanostructured materials and aptamer-conjugated
nanoparticles for specific cancer cell recognition. Novel strategies,
such as photodynamic therapy (PDT) and photothermal therapy
(PTT) using aptamer-conjugated nanomaterials, are also reviewed.
This aptamer-targeted strategy demonstrates high efficacy and low
side effects for cancer treatment, making aptamer-conjugated
nanomaterials promising candidates for use in future cancer therapy.

APTAMER-CONJUGATED NANOMATERIALS FOR SPECIFIC

CELL RECOGNITION

Distinguishing cancer cells from normal cells is important for effective
cancer therapy. Methods that enable sensitive and selective cancer cell
detection through precise molecular recognition are highly desired for
the development of targeted cancer therapy and the potential efficacy
of new therapeutic modalities. Inspired by aptamer technology
and nanotechnology, several strategies developed for specific cell
recognition are discussed.
Based on aptamer-tethered DNA nanodevices (aptNDs), specific

recognition and in situ self-assembly of aptNDs on target living cell
surfaces have been achieved. To construct aptNDs, aptamer sgc8,
which can bind to target human protein tyrosine kinase 7, was
selected as a model. Protein tyrosine kinase 7 is overexpressed on the
cell membrane of CCRF-CEM cells (human T-cell acute lymphocytic
leukemia) but not on non-target Ramos cells. As illustrated in
Figure 1, two partially complementary hairpin monomers, M1 and
M2, and an aptamer probe were used to construct aptNDs through
either a hybridization chain reaction-based self-assembly upon initia-
tion by an aptamer-tethered trigger probe (Figure 1a) or by cascading
alternative hybridization of two partially complementary monomers

initiated by aptamer seed probes (Figure 1b(i)). The aptNDs could
efficiently anchor or in situ self-assemble on the target cell surfaces.
Either covalent chemical labeling of multiple copies of fluorophores
or noncovalent physical association with multiple fluorogenic double-
stranded DNA-intercalating fluorophores on each nanodevice pro-
vided enhanced fluorescence signals for effective cancer detection.19

The high specificity of aptamers to target cells has also led to
selectivity improvement in the electrochemical and electrochemilu-
minescence detection of cancer cells.20–22 Using fluorescence and
electrochemical methods, a signal amplification supersandwich
strategy was developed for highly selective and sensitive detection of
cancer cells using aptamer-DNA concatamer quantum dot
probes. The proposed supersandwich cytosensor exhibited high
sensitivity, with a detection limit of 50 cells per ml.23 Moreover,
a novel cycle-amplifying technique using a DNA device on magnetic
beads was further employed to improve the sensitivity of the
electrochemiluminescence assay of cancer cells.24 In particular, a
strategy using an aptamer and RNA polymerase-based amplification
was also developed for highly sensitive and selective cancer cell
detection.25

Because most biological samples exhibit virtually no magnetic
background, the use of magnetic nanoparticles (MNPs) can lead to
ultrasensitive detection. Based on a magnetic relaxation switch
technique and a self-amplifying proximity assay utilizing the change
of spin–spin relaxation time (DT2) of the surrounding water protons,
Bamrungsap et al. designed aptamer-conjugated magnetic nano-
particles (ACMNPs) for cancer cell detection. The ACMNPs capitalize
on the ability of the sgc8 aptamer to specifically bind target cancer
cells, as well as the large surface areas of MNPs, to accommodate
multiple aptamer-binding events. The ACMNPs can detect as few as
10 cancer cells in 250ml of sample. Their specificity and sensitivity
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Figure 1 Construction of fluorescent DNA nanodevices on target living cell surfaces based on an aptamer-tethered DNA nanodevice platform, where

(a) three types of fluorescent DNA nanodevices, preformed via hybridization chain reaction (HCR)-based self-assembly upon initiation by aptamer-tethered

trigger probes, are anchored on target cell surfaces, or (b) aptamer seed probes initiate in situ self-assembly of fluorescent DNA nanodevices on target cell

surfaces by either (i) cascading alternative hybridization of two partially complementary monomers or (ii) HCR (adapted from Zhu et al.19).
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were also demonstrated by detection in cell mixtures and complex
biological media, including fetal bovine serum, human plasma and
whole blood. Furthermore, using an array of ACMNPs, various cell
types were differentiated through pattern recognition, thus creating a
cellular molecular profile that will allow clinicians to accurately
identify cancer cells at the molecular and single-cell level.26

In another study, a DNA aptamer-polyethyleneglycol (PEG)-lipid
composite was used to modify cell surfaces for specific cell recogni-
tion. Aptamer TD05, which selectively binds to IgG receptors on the
surface of Ramos cells, a B-cell lymphoma cell line and sgc8 aptamer
were used for testing. Leukemia cell lines were used to demonstrate
that aptamers anchored on the cell surface could act as targeting
ligands that specifically recognize their target cells. Furthermore, the
potential of this probe was explored in adoptive cell therapy.
Immune-effector cells modified by the probe demonstrated improved
affinity, while remaining cytotoxic to target cancer cells. Surface
modification of living cells by the aptamer-PEG-lipid provides an
effective approach for cell recognition and shows considerable
potential in cell-based therapy.27

Double aptamer-conjugated gold manganese oxide (Au@MnO)
hybrid nanoflowers were also used as a multifunctional platform to
specifically target CCRF-CEM cells and to capture ATP molecules
from cell lysate. Moreover, these sgc8 aptamer- and ATP aptamer-
modified nanoflowers were utilized as an efficient ionization
substrate for laser desorption/ionization, leading to highly selective
detection and analysis of metabolites from cancer cells. Single-
platform nanoflower conjugates containing MnO and Au components
provide an ideal all-in-one system for selective binding to the
target molecule and for laser desorption ionization-mass spectrometry

as an ionization substrate.28 These merits, together with the
simple preparation of aptamer-conjugated nanomaterials, make
such strategies very promising for effective diagnosis and targeted
cancer therapy.

APTAMER-CONJUGATED NANOMATERIALS FOR TARGETED

CHEMOTHERAPY

As targeting ligands, aptamers can distinguish between diseased and
healthy cells, thus enabling the selective delivery of therapeutic drugs
to target cells for efficient chemotherapy. Aptamers can be easily
conjugated with biocompatible organic or inorganic nanomaterials,
thus offering a sufficient number of platforms for conjugating
multiple ligands and drug molecules. Aptamer-guided drug delivery
systems, such as liposomes and micelles, polymeric nanoparticles and
inorganic nanoparticles, have been exploited for anticancer drug
delivery. Several representative aptamer-conjugated nanomaterials are
discussed below.

APTAMER-CONJUGATED ORGANIC NANOMATERIALS

Biocompatible and biodegradable nanomaterials are the most
commonly explored materials for targeted drug delivery. These
materials can be formulated to encapsulate various drugs and can
be modified with aptamers to increase specificity, allowing for
accumulation of a drug in cancer cells with a corresponding decrease
in systemic toxicity.
Liposomes are the most clinically established nanosystems for drug

delivery. The improved specificity and efficacy of aptamer-guided
liposome delivery systems were confirmed by Kang et al.,29 who
modified liposomes with sgc8 aptamer and delivered drug cargos to

Figure 2 Schematic illustration of aptamer-micelle formation (a). Stepwise immobilization scheme of the flow channel (b). Representative images of the

bright field and fluorescent images of control cells (CCRF-CEM) and target cells (Ramos) captured on the flow channel surface incubated with FITC-TDO5-

micelle (c), or FITC-library-micelle (d) or free FITC-TDO5 (e) spiked in a human whole-blood sample under continuous flow at 300nl s�1 at 37 1C for 5min.

All the scale bars are 100mm (adapted from Wu et al.35).
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target cells. After 30min of incubation time, flow cytometry results
revealed that the sgc8 aptamer-liposome conjugate could specifically
bind to target leukemia CCRF-CEM cells with no binding to
other non-target leukemia cancer cells (NB4 cells). In another
study, liposomes decorated with thioated oligonucleotide aptamer
(thioaptamer) against E-selectin (EST-Apt) were constructed. The
intravenous administration of EST-Apt-liposome complexes resulted
in their accumulation at the tumor vasculature of breast tumor
xenografts without shortening the circulation half-life.30

In addition to liposomes, aptamer-conjugated micelles have also
been extensively studied for their potential application in drug
delivery.31–33 To obtain DNA-micelle aggregates with good
biocompatibility and high stability, Liu et al.34 synthesized a well-
defined DNA-diacyllipid micelle with excellent thermal stability,
further facilitating the development of aptamer-modified micelles as
new delivery vehicles. As shown in Figure 2, the Tan group designed a
self-assembling aptamer-micelle nanomaterial by attaching a lipid
tail to the TD05 aptamer. Moreover, these authors mimicked a
tumor site in the blood stream by immobilizing tumor cells onto the
surface of a flow channel device. Flushing the aptamer-micelles
through the channel demonstrated their selective recognition ability
under flow circulation conditions in human whole-blood samples. By
demonstrating good dynamic specificity in flow channel systems
mimicking drug delivery in the blood system, aptamer-micelles have
potential for cancer cell recognition and in vivo drug delivery
applications.35

As polymer-based delivery systems, hydrogels have been employed
in a selective target-responsive system. Using aptamers that cross-link
with linear polyacrylamide chains, a general method for rapid and
easy engineering of target-responsive hydrogels was demonstrated.
Competitive binding of the target to the aptamer leads to decreased
cross-linking density and dissolution of the hydrogel for potential
drug release.36 Another novel polymer-based nanomaterial that can
specifically bind to target cells with selective cytotoxicity was
constructed using the T2-KK1B10 aptamer, sgc8c aptamer and
TDO5 aptamer.37 Because of the selectivity of the aptamers, the
toxic effect of the polymeric backbone was observed only upon
internalization by the target cells, including drug-resistant cells.
In other studies, aptamers that specifically bind to prostate-
specific membrane antigen were intensively used as targeting
ligands. Farokhzad et al.38–40 systematically studied the application
of prostate-specific membrane antigen aptamer-conjugated polymeric
nanoparticles loaded with various drugs for prostate cancer treatment.
In addition to prostate cancer, targeted delivery of therapeutic
polymeric nanoparticles is also a potentially powerful technology
for treating infiltrative brain tumors using AS1411 and GMT8
aptamers, which, respectively, bind to nucleolin and U87 cells.41,42

Both in vitro and in vivo experiments demonstrated the improved
antitumor cell growth effect.
Recently, DNA-based nanomaterials for targeted drug transport

have also been utilized in cancer therapy.43 A long aptamer-tethered
DNA nanotrain assembled from short DNA sequences was designed

Figure 3 Synthesis and characterization of smart multifunctional nanostructures (SMNs). (a) Schematic illustration of the synthesis of SMNs. TEM images

of (b) iron-magnetite core-shell nanoparticles (IMNPs), (c) hollow magnetite nanoparticles (HMNPs) and (d) porous hollow magnetite nanoparticles

(PHMNPs). The inset of d shows an enlarged image of a representative PHMNP. The scale bars are 100nm (10nm for the inset). (e) Dispersibility of

PHMNPs (left) and PEGylated PHMNPs (PPHMNPs; right) in hexane and water. (f) Fluorescence intensity of PPHMNPs and SMNs (excitation: 545nm).

(adapted from Chen et al.49).
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as a carrier with the capability for high drug payload (for example,
doxorubicin). Potent antitumor efficacy and reduced side effects of
drug delivered by biocompatible aptamer-tethered DNA nanotrains
were demonstrated in a mouse xenograft tumor model. Moreover,
fluorophores on nanotrains and drug fluorescence dequenching
upon release allowed intracellular signaling of nanotrains and drugs,
making aptamer-tethered DNA nanotrains attractive for the
development of novel targeted drug transport platforms for cancer
theranostics.

APTAMER-CONJUGATED INORGANIC NANOMATERIALS

Large surface areas coupled with a unique size and shape, as well as
composition-dependent physical and chemical properties, make
inorganic nanomaterials very attractive in biomedical applications.44

Combined with aptamers, inorganic nanomaterials can provide
multiple modalities, such as targeted recognition, detection, drug
delivery and controlled-release, in one entity.45 Based on their
favorable features, aptamer-conjugated iron oxide nanoparticles, gold
nanomaterials and silica nanoparticles have been extensively studied.
Among these biocompatible inorganic materials, MNPs have been

proposed as drug carriers with a push toward clinical trials.46,47

ACMNPs have been formulated to meet the specific requirements
of drug delivery and magnetic resonance imaging.48 As demonstrated
in Figure 3, targeted chemotherapy and magnetic resonance imaging
of cancer cells have been achieved using a smart multifunctional
nanostructure (SMN) constructed from a porous hollow magnetite
nanoparticle loaded with the anticancer drug doxorubicin, a hetero-
bifunctional PEG ligand and sgc8 aptamer.49 Aptamers modified on
the outer layer of SMN resulted in a multivalent effect, leading to
enhanced specific binding and internalization of SMNs to target
cancer cells. For the acid-labile pores, the lysosome localization of
SMNs facilitates the release of doxorubicin from SMNs, enabling
efficient killing of target cancer cells. In addition, T2 relaxation
measurements and T2*-weighted magnetic resonance images revealed
that this nanostructure can be used as a T2 contrast agent.
In another study, by employing different DNA fragments, a self-

assembled multifunctional DNA polymer-coated superparamagnetic

iron oxide nanostructure was constructed. This nanostructure com-
bined imaging fluorescent tags, target recognition aptamers (AS1411
and sgc8) and targeted delivery drugs into one conjugated acceptor
with high loading capacity and specificity.50

Gold nanomaterials have gained considerable attention as drug
delivery platforms because of their inert and biocompatible proper-
ties, convenient synthesis and easy manipulation with a
wide variety of targeting molecules.51,52 More importantly, their
geometrically tunable optical characteristics and their strong
photothermal response facilitate light-triggered gene/drug release in
a nondestructive and controlled manner.53,54 As illustrated in
Figure 4, Kang et al. constructed a near-infrared (NIR) light-
responsive drug delivery platform based on Au-Ag nanorods
(Au-Ag NRs) coated with DNA cross-linked polymeric shells.
Exposure to a laser beam matching, the absorption peak of the
Au-Ag NRs resulted in an increase in temperature leading to the rapid
release of the encapsulated drug with high controllability. An in vitro
study confirmed that aptamer-functionalized nanomaterials can be
used as drug carriers for targeted drug delivery with remote control
capability using NIR light with high spatial/temporal resolution.55 As
the NIR region lies within the ‘biological window’ (700–1300nm),
where absorption and autofluorescence by tissues, blood and water
are minimized,45 the design is appealing for in vivo applications.
Using typical DNA-silica surface conjugate chemistry,56 aptamer

immobilization on silica nanoparticles has been developed for
targeted recognition, drug delivery and stimuli-responsive release.
Zhu et al. designed sgc8 aptamer-modified mesoporous silica
nanoparticles for targeted drug delivery. These mesoporous silica
nanoparticles were coated with polyelectrolyte multilayers to prevent
premature leakage of drugs during the delivery process but
controllable drug release under reducing conditions. The
modification of aptamers permitted high cell recognition for this
delivery vehicle, which could be used as a promising drug delivery
system for specific intracellular delivery.57 In another work, an
efficient cancer cell-specific fluorescent imaging and controlled
release drug delivery system consisting of polyvalent mesoporous
silica nanocarrier-aptamer bioconjugates was fabricated. A nano-

Figure 4 Schematic diagram illustrating the formation of an aptamer-functionalized core-shell nanogel (a). DNA sequences and linkages in the nanogel (b)

(adapted from Kang et al.55). Au-Ag NR, Au-Ag nanorod.
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porous core with a high surface area allowed high loading capacity
with pH-dependent controlled release kinetics, and the surface-
conjugated AS1411 aptamer facilitated the nanoparticle targeting of
nucleolin overexpressed on MCF-7 cells.58 These studies illustrate the
use of aptamers for cancer cell targeting, opening the door for the
exploration of various aptamer-nanomaterial complexes that can
be constructed to target multiple cancer types for the highly
efficient delivery of therapeutic agents.

APTAMER-CONJUGATED NANOMATERIAL-BASED NOVEL

STRATEGY FOR CANCER TREATMENT

Apart from their application as carriers for targeted drug delivery,
nanomaterials have been utilized to develop novel strategies for cancer
treatment.59,60 Their unique optical, electrochemical and magnetic
properties combined with the specific recognition of aptamers allow
for a range of novel cancer therapies to improve cancer treatment
efficacy. Two of these emerging modalities are PDT and PTT.

APTAMER-CONJUGATED NANOMATERIALS FOR TARGETED

PDT

PDT is a minimally invasive method that destroys cells in the presence
of oxygen when light irradiates a photosensitizer, generating reactive
oxygen species (mainly singlet oxygen). This process causes the

destruction of cellular targets through direct cellular damage, vascular
shutdown and activation of an immune response against targeted
cells.61 Aptamer-conjugated nanomaterials have been applied for
targeted PDT with the aim of improving the accumulation of
photosensitizers in cancer tissue and selective photoinduced cancer
damage.
Direct conjugation of aptamers with photosensitizers or physical

intercalation with photosensitizers are common methods of increas-
ing the specific accumulation of photosensitizers at the target site.62–65

By introducing DNA self-assembly, a DNA-based nanocarrier was
used for targeted PDT. As illustrated in Figure 5, the aptamers can
selectively recognize target cancer cells and bind to the specific
proteins on cell membranes. Then, the overhanging catalyst sequence
on the aptamer can trigger a toehold-mediated catalytic strand
displacement to activate the photosensitizer and achieve an amplified
therapeutic effect. The specific binding-induced activation allows the
DNA circuit to distinguish between diseased and healthy cells, thus
reducing damage to nearby healthy cells. Moreover, the catalytic
amplification reaction occurs close to the target cancer cells, resulting
in a high local concentration of singlet oxygen for selective
destruction.66

The manipulation of singlet oxygen (1O2) production for targeted
PDT was also performed using carbon nanotubes.67 In this study,

Figure 5 Working scheme of DNA aptamer circuit on cell membrane. (a) Scheme of the circuit without catalyst. (b) Scheme of the circuit on the

cell membrane. (c) Scheme of detailed reaction of DNA hairpins A1 and A2 catalyzed by C sequence. Different domains are labeled with different colors.

All x domains are complementary to x* (adapted from Han et al.66).
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aptamer conjugated with Ce6 was noncovalently bound with carbon
nanotubes through p-stacking interactions. The attached single-
stranded DNA aptamer brought the photosensitizer close to the
carbon nanotube, which quenched singlet oxygen generation under
light irradiation. Restoration of singlet oxygen generation occurred
when aptamers were bound to target proteins. This study provides a
novel strategy for PDT treatment with highly selective and
controllable singlet oxygen generation.
In addition to traditional organic photosensitizers, nanomaterials

used as photosensitizers offer an alternative approach to effective
PDT. Liu et al. constructed an aptamer-fullerene photosensitizer and
investigated the photodynamic effect. Conjugation of the R13
aptamer could effectively enhance the PDT efficiency of fullerene
against A549 lung cancer cells in the presence of serum. Enhanced
photodynamic efficiency and good biocompatibility in the dark make
aptamer-fullerene conjugates highly promising photosensitizers in
tumor-specific PDT applications.68

APTAMER-CONJUGATED NANOMATERIALS FOR

TARGETED PTT

Similar to PDT, PTT is a relatively noninvasive and benign alternative
for cancer treatment. This treatment modality exposes biological
tissues to higher than normal temperatures to promote the destruc-
tion of abnormal cells.69 Thus far, the efficacy of this strategy has been
demonstrated by successful tumor remission in mice.70,71

Gold nanomaterials are especially attractive candidates for explora-
tion in PTT because of their tunable absorption in the NIR region.
Initially, Huang et al.72 demonstrated the use of sgc8c aptamer-
conjugated Au-Ag NRs for targeted PTT. By covalent linkage of
aptamers on the nanorod surface, the specific cell targeting and
selective photothermal destruction of human acute lymphoblastic
leukemia cells was realized. Gold nanorods modified with two
different aptamers were also used to destroy different cancer cells
simultaneously. Aptamers selected against DU145 prostate cancer
cells (aptamer CSC1) and their subpopulation of cancer stem cells
(aptamer CSC13) were linked to the surface of gold nanorods, and the
resulting conjugates were successfully used to target and kill both
cancer cells and cancer stem cells using NIR laser irradiation.73

To further improve the photothermal efficacy of nanorods, a novel
Ag-Au nanostructure was synthesized and modified with the S2.2
aptamer that specifically binds to MUC1 mucin. Superior to Au-Ag
NRs, the Ag-Au nanostructures exhibit a high capability of absorbing
NIR radiation and are able to perform PTT of MCF-7 cells at a very
low irradiation power density (0.25Wcm�2) without destroying
healthy cells and surrounding normal tissue. Because these synthe-
sized nanostructures exhibit high surface enhanced Raman scattering
activity, the synthesized nanostructures offer a protocol to specifically
recognize and sensitively detect the cancer cells, making these
nanostructures very promising for PTT of cancers.74

COMBINED STRATEGY FOR CANCER THERAPY USING

APTAMER-CONJUGATED NANOMATERIALS

The development of combined PDT/PTT using aptamer-conjugated
nanomaterials is currently being actively pursued to provide a highly
specific and enhanced therapeutic outcome. Multimodal therapy
using both AuNR/photosensitizer composites and hybrid nano-
materials under the guidance of aptamers could significantly enhance
efficiency in cancer therapy.
Recently, gold nanorods were used as a carrier to transport

aptamers linked with chlorin 6 (Ce6) into target cancer cells.75 As
illustrated in Figure 6, aptamer sgc8 was conjugated to an AuNR by a

thiol-Au covalent bond and then hybridized with a Ce6-labeled
photosensitizer/reporter to form a DNA double helix. When target
cancer cells were absent, Ce6 was quenched and exhibited no PDTeffect.
However, when target cancer cells were present, the aptamer changed
structure to release Ce6 to produce singlet oxygen for PDT upon light
irradiation. Importantly, by combining a photosensitizer with the
photothermal effect of AuNR, dual PTT/PDT therapy was realized.
Because each gold nanorod is modified with many aptamer-Ce6

molecules, the gold nanorod-aptamer-Ce6 conjugate yields enhanced
binding and therapeutic effects through the added ability to carry
many photosensitizers. In addition, NIR laser irradiation of the gold
nanorods enables further cell destruction via the photothermal effect.
Consequently, significant cell death occurs upon light irradiation by
simultaneous photodynamic and photothermal effects. This gold
nanorod-aptamer-Ce6 conjugate offers a remarkably improved and
synergistic therapeutic effect compared with PTT or PDT alone,
providing high specificity and therapeutic efficiency, which can be
generalized to other types of cancer therapies. Similarly, a switchable
aptamer-based photosensitizer-AuNR platform has also been designed
for multimodal cancer therapy.76

The use of hybrid nanomaterials composed of both gold nanoma-
terials and carbon nanotubes, which also exhibit strong optical
absorption in the NIR region, will enable generation of much higher
temperatures, in turn making the photothermal process much more
effective and rapid. To achieve this goal, gold nanopopcorn were
attached to single-walled carbon nanotube hybrid nanomaterials with
S6 aptamer as the targeting molecule. The specific recognition of
SK-BR-3 breast cancer cells was realized through interaction with the
aptamer. Subsequent NIR irradiation induced the hyperthermia effect
of the hybrid nanomaterial, leading to effective killing of cancer cells
with high selectively.77 In another report, Khan et al. designed an A9
aptamer-conjugated gold nanocage decorated with single-walled
carbon nanotubes for targeted imaging and photothermal
destruction of prostate cancer cells. The bioconjugated hybrid
nanomaterial-based imaging and therapy were highly selective and
could distinguish between target and non-target cancer cell lines.78 As
the photothermal response for the hybrid nanomaterial is far better
than that for a single nanomaterial, it is promising to utilize the hybrid
nanomaterials for highly effective in vivo photothermal cancer therapy.

CONCLUSIONS

The increasing inadequacies of conventional cancer therapy provide
an impetus to the development of new therapeutic methods. By
summarizing recent progress in integrating aptamers with various
types of nanomaterials, we have demonstrated that these novel

Figure 6 Schematic diagram of aptamer-conjugated AuNR-Ce6 complex for

targeted cancer therapy (adapted from Wang et al.75).
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aptamer-conjugated nanomaterials benefit cancer therapy through
increased specificity and efficacy as well as reduced toxicity. Because
each nanomaterial has its own optical, electrochemical, magnetic and
mechanical properties, aptamer-conjugated nanomaterials with
diverse characteristics exhibit multifunctional theranostic capability
for cancer therapy. The development of such multifunctional nano-
systems combined with aptamers will eventually become a popular
strategy for the design of novel nanoplatforms for successful cancer
therapy. It should be noted that testing for some of the aptamer-
conjugated nanoparticles has only been performed in vitro. Although
aptamer-conjugated nanoparticles appear to hold potential for cancer
therapy, considerable challenges and issues remain to be resolved,
such as the poorly understood pharmacokinetics, toxicity and off-
target effects. To realize the full potential of such multifunctional
nanosystems, it is necessary to perform more stringent in vivo testing
to demonstrate the effectiveness of these systems. The continued
development of animal models for the evaluation of safety and
efficacy of these promising therapeutic strategies will lay the founda-
tion for use in humans.

FUTURE PERSPECTIVES

As excellent targeting ligands, aptamers have already succeeded in the
sensitive and selective recognition of particular cancer cell populations
or tissues. Bioconjugates integrating nanomaterials with aptamers will
further prompt the development of efficient strategies for cancer
therapy. Currently, liposomes, micelles and polymeric nanoparticles
are the most promising materials for nanoparticle-based targeted drug
delivery because of their biocompatibility and biodegradability.
Compared with biodegradable organic macromolecules, inorganic
nanomaterials may not have obvious advantages if simply used as
drug carriers, as they hardly degrade in biological systems. However,
combined with aptamers, biocompatible inorganic nanomaterials
with unique optical, magnetic and electronic properties could provide
relatively noninvasive and benign alternatives for targeted cancer
therapy, leading to new approaches for cancer treatment. In addition
to their utilization as platforms for targeted cancer therapy, aptamer-
conjugated nanomaterials will find additional applications in the
biomedical field, for example, in three-dimensional cell culture and
tissue engineering. Future efforts will focus on developing aptamer-
conjugated nanomaterials with multimodalities that combine both
diagnostic and therapeutic components to address challenges such as
multiple-drug resistance and ultimately to improve therapeutic out-
comes and reduce costs.
Although aptamer-conjugated nanomaterials are emerging as a

promising platform for cancer therapy, much work remains to be
done before these materials can be used in clinical practice. This work
includes minimizing the toxicity of the conjugate, improving target
efficacy and studying the behavior of nanoparticles in biological
microenvironments. To minimize systemic toxicity, key factors, such
as surface charge, coating, particle size, as well as the biocompatibility
and biodegradability of conjugates, should be carefully considered. To
improve the target efficacy, it is necessary to optimize the surface
modification of conjugates. In addition to modulating the density of
aptamers, encapsulation of the nanoparticles with PEG coatings can
prolong the circulation time of the conjugates, thereby effectively
improving the targeted efficacy. Still, much effort is needed to achieve
a successful cancer treatment. However, based on the promising
multimodal theranostic nanoplatforms and the increasing demand for
efficient cancer therapy, we will witness a continued and rapid
development of aptamer-conjugated nanomaterials for cancer therapy
in the near future.
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