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Aptamers are RNA or DNA oligonucleotides interacting to form unique 3D target conformations with
high affinity and specificity, and are emerging as a powerful class of ligands for therapeutic applications.
In addition, dendrimers are well-defined nano-sized symmetric polymeric molecules. In this review, we
provide an analysis of the use of dendrimers modified with aptamers as nonviral vectors to specifically
target tumor cells. Various anticancer agents have been encapsulated with dendrimers complexing with
aptamers, including epirubicin, camptothecin, Bcl-xL short hairpin (sh)RNA, and 5-fluorouracil

rhodamine-labeled dextran. Other types of polymeric nanoparticle (NP)-aptamer bioconjugates have

also been developed and loaded with Pt(IV) derivatives, to target specific tumor cells.

Aptamer-based tools for therapeutic monitoring for
precision therapy

Aptamer comes from the Latin ‘aptare’ meaning to fit together or
join, and from the Greek ‘meros’ meaning part. A nucleic acid
aptamer is a short chain of artificial oligonucleotides of RNA or
single-stranded DNA with a variable region of ~40-100 nucleotide
bases [1]. Their unique, flexible 3D structure, and their high
affinity and specificity with ligand-binding capabilities, are strong-
ly related to their sequence. These important characteristics in-
crease their ability to differentiate between targets. In contrast to
antibodies, aptamers can bind to functional domains of their
cognate target protein (e.g., substrate binding pockets and alloste-
ric sites) (Fig. 1) [2]. Aptamers are considered to be ‘smart ligands’
and are often named ‘nucleic acid antibodies’. The binding be-
tween aptamers and user-defined targets occurs through electro-
static interactions, which result in their versatility. The strong

Corresponding authors: Mignani, S. (serge.mignani@parisdescartes.fr),
(serge.mignani@staff.uma.pt), Shi, X. (xshi@dhu.edu.cn),
Majoral, J.-P. (majoral@Icc-toulouse.fr)

binding affinity and exceptional specificity induces a nano- or
pico-molar dissociation constant (Kd). Their targets vary from
small ions, such as Zn** and large proteins, such as coagulation
factor VIII, to whole cells, viruses, and tissues [3]. It is well
documented that the molecular recognition of target molecules
by aptamers makes use of their secondary or tertiary structures.
Interaction with small molecules (e.g., amino acids) induces a
structural switch, changing the internal loop structure of the
aptamer, compared with the arrangement when binding with
large molecules (e.g., enzymes, regulatory proteins, growth factors,
or monoclonal antibodies) [1].

The most important advantages of aptamers over traditional anti-
bodies in clinical applications include: (i) non-immunogenicity; (ii)
high cell/tissue selectivity and penetration; and (iii) numerous po-
tential targets. From a drug discovery point of view, aptamers also
have the following advantages over traditional antibodies: (i) ther-
mally stability; (ii) less batch variability; (iii) short production time;
and (iv) low cost. Importantly, large quantities of aptamers can be
obtained using biochemical synthesis, such as the systematic evolu-
tion ofligands by exponential enrichment (SELEX), high-throughput
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3D
structure formation

Aptamer sequence Functional aptamer

FIGURE 1
2D schematic representation of aptamer function.

aptamer identification screens (HAPIscreen), and nonequilibrium
capillary electrophoresis of equilibrium mixture (NECEEM). One area
of interest for the purified protein-based SELEX is the selection of
aptamers that recognize cell surface receptors.

Aptamers are rapidly eliminated from the body by renal clear-
ance. The short half-lives of unmodified aptamers in vivo remains
one of the major challenges for the development of therapeutic
aptamers. Indeed, RNA-based aptamers are prone to hydrolytic
breakdown degradation by nucleases. To avoid this degradation,
several modifications of RNA aptamers have been performed to
improve their bioavailability and the pharmacokinetic parame-
ters: (i) 2-fluoro pyrimidine modifications; (ii) 2-O-methyl nucleo-
tides; (iii) 3-end cap; and (iv) introduction of cholesterol or
polyethylene glycol (PEG) as anchor groups [4].

A variety of applications for aptamers have also been developed,
including: (i) new drugs; (ii) therapeutic tools; (iii) drug delivery;
(iv) diagnosis of disease based on aptamer-based tests, using, for
example, ELISAs; (v) bioimaging; (vi) analytical reagents; (vii) food
inspection; and (viii) detection, such as by using optical aptasen-
sors (fluorescence and colorimetric sensors), for the identification
and quantification of environmental pollutants, such as heavy
metal ions, piezoelectric (mass-dependent) aptasensors for the
detection of viruses, bacteria, and toxins, and electrochemical
aptasensors for the detection of low-mass molecules and ions [5].

Thus far, only one aptamer-based drug has been approved by the
US Food and Drug Administration (FDA): Macugen® (a VEGF165
aptamer or pegaptanib) in 2004 [6]. This aptamer, which strong
inhibits angiogenesis by inhibiting the extracellular form of en-
dothelial growth factor, is used to treat adults with wet-form age-
related macular degeneration and has been developed by Eyetech.
IN/Pfizer. Macugen® is a modified RNA derived from a 2'fluoro
pyrimidine aptamer and contains 2’O-methyl purine modifica-
tions to enhance its stability against endonucleases. A second type
of modification has been performed, including the introduction of
5’-PEG moiety and a 3'dT attached via a 3'-3’ linkage, to induce a

3D-conformational

f%bgo"%—» Eo&a%—’

Target cell

recognition
target binding

Aptamer binding to target

Drug Discovery Today

good pharmacokinetic profile and strong protection against
exonucleases. Macugen® has also been encapsulated in poly(lac-
tic-co-glycolic acid) (PLGA) microspheres as a transscleral delivery
nanodevice [7] as well the antivascular endothelial growth factor
(VEGF) aptamer EYEOO1 [8].

The medical applications of aptamers focus on RNA bases,
which are more structurally diverse than DNA-based aptamers.
For example, on the cytoplasmic membranes of tumor cells,
specific aptamers interact with A30, A9, A10, TTA1, and MUCI1-
specific factors that are intensively overexpressed only on the
surface of tumor cell membranes [9] and are used for in vivo
molecular imaging and theranostics [10]. Aptamers can also be
used as carriers of polymeric NPs, such as polylactides, conjugating
antiproliferative drugs, such as Taxol [11]. In addition, aptamers
can deliver cisplatin from aptamer-functionalized Pt (IV) prodrug-
PLGA-PEG NPs to prostate tumor cells [12]. Of particular interest is
the preclinical and clinical development of aptamers for throm-
botic events and anticoagulation monitoring [13]. It is well known
that PEGylated polymeric NPs have significantly reduced systemic
clearance compared with similar NPs without PEG chains [14].

Interestingly, aptamers can be used as specific carriers of
therapeutic oligonucleotides, such as small interfering (si)RNAs,
miRNAs, shRNAs, and antisense oligonucleotides (ASOs), for
diagnosis, precision medicine, and personalized medicine in,
for example, cancer treatment [15]. The main aim is to prepare
and develop chimera aptamers in which one part is the aptamer,
for targeting purposes, linked to a second part that is the
therapeutic oligodeoxynucleotides (ODNs), transported by
the aptamer.

Dendrimers in nanomedicine

The chemistry of dendrimers was first introduced in 1978 by Fritz
Vogtle and coworkers, as well as by Tomalia et al. Numerous
biological studies using dendrimers have been carried out, as
reviewed elsewhere [16-19]. Dendrimers represent a unique class
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Evolution of molecular weight (MW), diameter (Dia.), and number of functional groups on the surface of poly(amidoamine) (PAMAM) dendrimers related to

generation as an example.

of polymers, with highly branched 3D architectures, the shape and
size of which can be precisely controlled. Size is one of the most
important parameters to be evaluated, because it strongly
influences clearance kinetics, biodistribution, and in vivo efficacy.
NPs >200 nm in size generally induce immune responses and are
absorbed by Kupffer cells, which are an important component of
the mononuclear phagocytic system. By contrast, smaller NPs
(<150 nm) induced rapid clearance from circulation, with NPs
<10 nm being easily cleared through the kidney or lymph nodes
[14]. Dendrimers display an exponential number of dendritic
branches (hydrophobic and hydrophilic moieties) radiating out
from a central core unit. Fig. 2 shows the structural units of the
well-known poly(amidoamine) (PAMAM) dendrimers, such as
core, surface groups, void spaces, and interior branching. Interior
layers (generations, Gn, where n is generally from 1 to 6, and more
exceptionally up to 12 and recently even 13) comprise regularly
repeating branching units attached to the core [20]. As shown in
Fig. 2, the dendrimers can encapsulate biologically active com-
pounds (yellow balls) as well as conjugate molecules (violet balls).
Dendrimers can also be used as drugs (active per se) [21]. The
dendrimer diameter increases linearly whereas the number of
surface groups and the molecular weight increases exponentially
for each generation (Fig. 3).

Importantly, the dendrimer collection, based on multiple var-
iations of their chemical structure, allows the monitoring of the
chemical properties of core, branches, and surface groups by the
introduction of varied chemical groups (basic, acidic, hydropho-
bic, hydrogen-bonding capability, charges, etc.) [22]. These fine-
tuning chemical transformations allow modification of the
composition, architecture, and properties of dendrimers, and
are key physicochemical properties to improve their in vitro [23]
and in vivo [24] behaviors.

Dendrimer—aptamer bioconjugates in nanomedicine

An interesting study by Taghdisi et al. involved the development of
aptamer-based dendrimers with a double targeting strategy (two
aptamers: MUC1 and AS1411) and encapsulating epirubicin (Epi),
an anthracycline drug, acting against cancer cells in vitro and
in vivo (Fig. 4) [25]. Clinical administration of Epi (e.g., to breast
and colon cancers) has been limited by nonspecific interactions
inducing cardiotoxicity and bone marrow suppression. Conse-
quently, the development of a new nanosystem, avoiding these
adverse effects, was needed. The new strategy is based on the
preferential accumulation of chemotherapeutic agents at the can-
cer site, consequently decreasing the adverse effects. The MUC1
aptamer selectively binds to the transmembrane glycosylated
mucin-1 (glycoprotein), which is overexpressed in many tumors,
whereas the single-stranded AS1411 aptamer (ATPAS1411, a 26-
mer DNA aptamer with the sequence: 5’-Thiol-C6 linker-
GGTGGTGGTGGTTGTGGTGGTGGTGG 3’) specifically binds to
the nucleus membrane protein nucleolin, which is overexpressed
on the plasma membrane of tumor cells. The authors designed and
developed an original nanosystem, based on an aptamer—
dendrimer conjugate (generation 3), to deliver Epi to MCF-7 breast
cancer cells and murine C26 colon carcinoma cells in the presence
of two aptamers (MUC1 and AS1411) as targeting agents on the
DNA nanostructure surface. The size of the chemically stable G3
aptamer—dendrimer was 36.4 nm. Based on fluorescence intensity
and gel retardation assays, the formation of the dendriplex was
analyzed, and the maximum quenching ratio was ~1:25 dendri-
mer/Epi, corresponding to 25 mol Epi loaded in 1 mol G3 aptamer-
dendrimer. The release of Epi from the aptamer-dendrimer-Epi
complex was pH dependent, with the more rapid release of Epi in
acidic pH (pH 5.5, as in cancerous tissues and lysosomes) versus
physiological pH: 63% of Epi was released at pH 5.5 and 15% at pH
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FIGURE 3
2D schematic representation of poly(amidoamine) (PAMAM) dendrimers.

7.4 (72h, 37°C). The probable protonation of Epi leads to a
decrease in the interactions between Epi and dendrimer. Never-
theless, this process is not unique because catalytic enzymes from
lysosomes should participate in the disassembly of the dendrimer,
inducing the release of Epi.

Flow cytometry analysis clearly demonstrated that the dendriplex
was specifically internalized into tumor cells (MCF-7 and C26) by
receptor-mediated endocytosis using the MUC1 aptamer, and by
using the AS1411 aptamer nonstandard mechanism, leading to

accumulation of the complex in the nucleus. No internalization
was observed with the nontargeted Chinese hamster ovary (CHO)
cells. Internalization effects were also validated by the results of cell
viability assays (MTT) with MCF-7, C26, and CHO cells. The aptamer—
dendrimer-Epi dendriplex showed lower toxicity in CHO cells versus
Epi alone, with a cell viability of 100% and ~40%, respectively,
whereas the aptamer—dendrimer-Epi complex was more cytotoxic
in MCF-7 and C26 tumor cells compared with Epi alone, with a cell
viability of ~30% and ~80%, respectively (72 h post treatment).

ATP Apt (1)

Two aptamers loaded
ATP Apt (2) /

§ MUC1 Apt

N

ATP Apt (3)
ATP Apt (4)

G3 ATP dendrimer nanoparticle

@ Epirubicin (Epi)

% AS1411 Apt

G3 ATP dendrimer—Epi nanoparticle

5

G3 Apts (MUC1 and AS1411)-ATP dendrimer—Epi complex
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FIGURE 4

2D schematic representation of G3 aptamer(MUC1 and AS1411)-dendrimer-epirubicin (Epi) complex preparation.
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FIGURE 5

2D schematic representation of the preparation of the aptamer-G5 polyethylene glycol (PEG)-poly(amidoamine) (PAMAM)-camptothecin (CPT) dendrimer.

Interestingly, the aptamer—-dendrimer-Epi dendriplex showed
better in vivo antitumor activity against mice bearing C26 cells
versus both Epi alone and MUC1-dendrimer-Epi, and similar in
vivo activities compared with a AS1411-dendrimer-Epi complex.
These data confirmed that the aptamer—dendrimer-Epi dendriplex
modified with two types of aptamer with different targeting sites
resulted in good internalization into target cancer cells.

The same authors designed and developed PEGylated G5
PAMAM dendrimers loaded with camptothecin (CPT; a topoisom-
erase inhibitor used as an anticancer agent) and surface grafted
with AS1411 anti-nucleolin aptamers for site-specific targeting to
colorectal cancer cells overexpressing nucleolin receptors (Fig. 5)
[26]. One of the problems of the drug delivery system is the
inability to discriminate target cells from nontarget cells, which
could result in off-target delivery. Specific drug delivery
approaches used cell surface receptors that are overexpressed on
the surface of tumor cells. After binding the aptamers to the cell
surface receptors, internalization of the aptamer-receptor com-
plexes occurs via a receptor-mediated endocytic pathway process,
finally allowing delivery of the loaded drugs. The targeted delivery
of chemotherapeutic agents, for instance, could increase their
efficacy and reduce their off-target effects. The efficiency of the
AS1411-loading and camptothecin-encapsulating content was
8.1% and 93.67%, respectively. The in vitro release assay of camp-
tothecin demonstrated a sustained release of the anticancer agent
over 4 days in both phosphate buffer saline (PBS, pH 7.4) and
citrate buffer (pH 5.5). Compared with PEG-PAMAM-CPT, the
targeted Apt-PEG-PAMAM-CPT formulation displayed a slower
CPT release profile because of the decreased diffusion rate of
CPT from cavities of dendrimers after the dendrimer periphery
was further modified with the aptamer.

The biocompatibility of PEG-PAMAM and Apt-PEG-PAMAM
dendrimers versus plain PAMAM dendrimers was investigated
via hemolytic assays. The PAMAM dendrimer showed signifi-
cant hemolytic toxicity, whereas PEG-PAMAM and Apt-PEG-
PAMAM caused lower hemolytic activities (<5% at 5 mg/mL
concentration).

Two nucleolin-positive cell lines (HT29 and C26) and a nucleo-
lin-negative cell line (CHO) were used to evaluate the anticancer
activity of Apt-PEG-PAMAM-CPT, PEG-PAMAM-CPT, and free
CPT. MTT assays showed that the Apt-PEG-PAMAM-CPT nanode-
vice displayed higher antiproliferation activity towards nucleolin-
positive HT29 and C26 colorectal cancer cells compared with PEG-
PAMAM-CPT. Apt-PEG-PAMAM-CPT was internalized after bind-
ing to nucleolin protein. The ICs¢s of CPT, PEG-PAMAM-CPT, and
Apt- PEG-PAMAM-CPT against the HT29 cell line were 15 mg/mL,
10 mg/mL, and 3 mg/mlL, respectively, whereas, against C26 cell
lines, ICs0s were 18 mg/mL, 8 mg/mL, and 1.5 mg/mL, respective-
ly. The improvement in the cellular uptake of HT29 and C26 cells
with Apt-PEG-PAMAM-CPT was validated using fluorescence mi-
croscopy and flow cytometry techniques. In vivo studies in colo-
rectal carcinoma cell line C26 subcutaneously allografting BALB/C
mice showed that the Apt- PEG-PAMAM-CPT nanodevice dis-
played potent antitumor activity and improved mouse survival
rates (3 mg/kg i.v. injection twice weekly for 3 weeks). The tumor
growth inhibition effect of PEG-PAMAM-CPT was better than that
of free CPT, but the most potent effect was obtained with Apt-PEG-
PAMAM-CPT. The enhanced tumor-inhibition effects of Apt-PEG-
PAMAM-CPT compared with PEG-PAMAM-CPT might result from
the targeting effect of the conjugated AS1411 aptamer that can
bind to nucleolin proteins on the C26 cells, thus possibly delaying
clearance from the tumor site
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Delivery of Bcl-xL shRNA by G4 PAMAM dendrimers with conjugated and nonconjugated AS1411 aptamer
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2D schematic representation of G4 polyethylene glycol (PEG)-poly(amidoamine) (PAMAM) dendrimers modified with AS1411 aptamer and G4 5-fluorouracil

(5-FU)-poly(amidoamine) (PAMAM)- polyethylene glycol (PEG)-ATPAS™411,

The same authors also reported the delivery of Bcl-xL shRNA by
G4 PAMAM dendrimers, which are grafted by aptamers as a
targeting ligand (Fig. 6) [27]. The G4 PAMAM dendrimer was
modified with: (i) 10-bromodecanoic acid (10C) and 10C-PEG
chains; (ii) AS1411 aptamer (covalently or noncovalently) as a
nucleolin-targeting ligand on target cancer cells, which is over-
expressed in various cancer cells; and (iii) a shRNA plasmid for
specific knock down of antiapoptotic Bcl-xL protein expression in
nucleolin-positive cancer cells. Bcl-xL is expressed in several solid
tumors, such as neuronal tumors, adenocarcinoma, bladder can-
cers, and gastric cancer. The prepared polyplexes showed typical
particle sizes of 128-230 nm, with an increased dimension after
aptamer conjugations. The charge of all dendriplexes after apta-
mer conjugations were positive (12.76-19.13 mV). Immunocyto-
chemistry analysis showed the presence of nucleolin receptors on
the surface of A549 cells (adenocarcinomic human alveolar basal
epithelial cells) but not on L929 cells (negative control). The
transfection efficiency of complexes was evaluated in nucleolin-
expressing A549 cells, using L929 cells as negative control, and
clearly showed strong transfection efficacy with polyplexes bear-
ing covalent or noncovalent aptamers versus nontargeted vectors
in A549 cells; noncovalent conjugation also exhibited more effi-
ciency compared with covalent binding. Notably, all the poly-
plexes prepared showed >70% viability with or without the
AS1411 aptamer. Based on Western blot analyses of the expression
level of Bcl-xL in A549 cells, its expression was reduced by ~55%
with polyplexes bearing shRNA versus polyplexes bearing scram-
bled shRNA. The complexes with aptamer only, or with scrambled
shRNA, did not significantly change the protein expression level.
These results showed the high silencing of Bcl-xL expression by

shRNA using G4 PAMAM dendrimers bearing the AS411 aptamer
compared with the PAMAM dendrimer without an aptamer. The
active polyplex also induced apoptosis in A549 target cells, as
validated by flow cytometric analysis.

Further work by the same team concerned the design and devel-
opment of functionalized PEGylated 2.5 G PAMAM dendrimers
with a conjugated AS411 aptamer and encapsulating 5-fluorouracil
(5-FU), a common chemotherapeutic drug (Fig. 6) [28]. This nano-
particle (named PAMAM-PEG-ATPAS1411) increased 5-FU accumu-
lation in cancerous tumors (MKN45 gastric cancer cells) at an
effective concentration. The highest encapsulation efficiency was
observed with a 1:1 formulation (5-FU/PAMAM ratio). Atomic force
microscopy (AFM) topographic images of surface structures con-
firmed the chemical structure of the PAMAM NPs. The surface charge
(zeta potential) of the PAMAM-PEG-ATPAS1411 dendriplex was
-13.6 mV. An anti-proliferation assay (MTT test) against HERK293
and MKN4S5 cells, at a dose of 100 mg/mL, showed that both 5-FU
and the PAMAM-PEG-ATPAS1411 complex displayed a percentage
viability of ~30% against HERK293 cells, and of ~40% and ~20%,
respectively, against MKN435 cells. Good linearity was also observed
between the effect and dose. ICsos were ~10~8 g/mL for both 5-FU
and the PAMAM-PEG-ATPAS1411 dendriplex against HERK293
cells, and ~10~8 g/mL for 5-FU and ~10~° g/mL for the PAMAM-
PEG-ATPAS1411 complex against MKN45 cells. In vivo imaging
studies, using BODIPY fluorescent dye, were performed in mice,
and confirmed that the PAMAM-PEG-ATPAS1411 complex was
internalized in MKIN45 cells as a result of specific nucleolin receptor
expression. The linkage of the AS1411 aptamer on the surface of the
functionalized PAMAM dendrimer increased the quantity of the
conjugated BODIPY dye complex in the vicinity of the tumors.
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2D schematic representation of polymeric nanoparticle-aptamer bioconjugates encapsulating rhodamine-labeled dextran (as a drug model) bearing A10 PSAM

aptamer and FITC.

Polymer—aptamer bioconjugates in nanomedicine

Of particular interest is the design and development of polymeric
NP-aptamer bioconjugates targeting prostate-specific membrane
antigen (PSMA), which is overexpressed on prostate epithelial
cancer cells. These conjugates are based on a two-polymer system:
a poly(lactic acid)-block-PEG copolymer with a terminal carbox-
ylic acid functional group (PLAPEG-COOH) (Fig. 7) [29]. This NP
encapsulated thodamine-labeled dextran as a model of drug, and
conjugating aptamer, A10 PSAM, as a targeting agent. A 5'-FITC-
label compound was linked to the end of the aptamers to analyze
the specific binding of membrane surface interactions using light
transmission or fluorescent microscopy techniques. These nega-
tively surface-charged NPs (—50 mV) minimized the nonspecific
interactions with the negatively charged nucleic acid RNA apta-
mers, whereas the PEG chains enhanced the circulating half-life
and contributed to the decreased uptake in nontargeted cells.
These microNP-aptamer bioconjugates showed a narrow size dis-
tribution. The PEGylated NPs efficiently targeted prostate LNCaP
(PSMA™") epithelial cells [with a 77-fold increase in binding versus
PC3 (PSMA-) cells as a control]. More importantly, these NPs did
not targeted cells where no expression of PSA occurred. The
binding of the NPs to LNCaP epithelial cells was easily detectable
in an early-stage evaluation. Based on fluorescent microscopy and
3D image reconstruction, the NP-aptamer bioconjugates were
strongly internalized into LNCaP epithelial cells compared with
PC3 cells, as were the rhodamine-dextran encapsulated NP-apta-
mer bioconjugates.

The same team developed an interesting construction based on
Pt(IV)-encapsulated PSMA targeted NPs of biodegradable and non-
cytotoxic PLGA-PEG-functionalized material [12]. This construc-
tion bears aptamer-targeting PSMA (a PSMA aptamer) on its
surface, with FITC as a fluorescent probe. The polydispersity of
the Pt(IV) cargo (Pt-NP-Apt) increased with the percentage loading
of Pt(IV): a percentage loading of 5%, 20%, 50%, and 70% resulted
in sizes of 132 nm, 135 nm, 167 nm, and 172 nm, and a polydis-
persity index of 0.171, 0.205, 0.444, and 0.479, respectively. The

controlled release kinetics of the Pt(IV) complex in PBS (pH = 7.4)
reached 66% after 24 h, and ~90% after 45 h. The targeted uptake
of Pt-NP-Apt occurred via endocytosis in PSMA-expressing prostate
cancer cells, such as LNCaP (PSMA+) cells, through receptor-
mediated endocytosis, inducing its accumulation in this type of
cell. No accumulation of the Pt(IV) complex was observed in PC3
(PSMA-) cells. Only 12% of the total Pt(IV) was released after 2 h
in PBS medium. In vitro cellular cytotoxicity assays showed the
high cytotoxicity of Pt-NP-Apt to LNCaP cells (ICso =0.03 uM)
versus nontargeted nanoparticles (Pt-NP) (IC50=0.13 wM), and
cisplatin (IC50 = 2.4 pM). The ICsos of Pt-NP and Pt-NP-Apt
against PC3 were both ~0.12 uM, whereas cisplatin showed an
ICsp of 0.18 wM. Using the GFP monoclonal antibody R-C18,
which is used in the detection of cisplatin-induced Pt adducts
in DNA, crosslinks between Pt(IV) and DNA were observed in
LNCaP cells.

An additional example was described by Tong et al., who used
several techniques concerning one-step co-precipitation synthe-
sis, and the development of tunable polymeric NPs based on A10
aptamer-coated paclitaxel-polylactide (LA) nanoconjugates target-
ing specific tumor cell lines [30]. The A10 aptamer was identified
using the SELEX technique, and targeted PSMA in vitro and in vivo.
The fluorescence dye Cy5 was also used to initiate LA polymeriza-
tion, resulting in Cy5-PLA NPs (Cy5-PLA-NCs), which were then
co-precipitated with a PLA-PEG-CO,H polymer, resulting in PLA-
PEG-CO,H/Cy5-PLA-NCs NPs. These NPs had a size of 132.8 nm
and a polydispersity of 0.031. Condensation of the A10 aptamer
with the carboxylic functions of PLA-PEG-CO,H/Cy5-PLA-NCs
resulted in aptamer/PLA-PEG-CO,H/Cy5-PLA-NCs (size: 157.1
nm, polydispersity: 0.144). Confocal images showed that the
uptake of NPs coated with the aptamer was significantly enhanced
versus the uncoated NPs in LNCaP (PSMA™). In the same assay, no
difference between coated and uncoated nanoparticles was ob-
served in PC3 cells (PSMA-). The binding of coated NPs were
higher than that of uncoated NPs in LNCaP cells, but no difference
was observed in PC3 cells.
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Multivalent polymer-aptamer versus dendrimer-aptamer
conjugates

Compared with peptides (small sizes and molecular weight), a
major advantage of using both polymer-aptamer conjugates and
dendrimer-aptamer conjugates is to increase the contact area
between the ligand and the target receptor, which can enhance
the potency and interactions with the target receptor [31]. To
increase the biostability, for example against nuclease hydrolysis
in human serum, several strategies have been developed based on
polymer-aptamer conjugates [32]: (i) 3' and 5'-biotin-aptamer
conjugates [33]; (ii) cholesterol and lipid moiety conjugates
[34]; (iii) 5’-end PEGylation conjugates [35]; (iv) modifications
of the sugar ring of the aptamers [36]; (v) 4’-oxygen replacement
of the aptamers [37]; (vi) modification of the phosphodiester
linkage and bases of the aptamers [38]; and (vii) direct conjugation
of aptamers to NPs, generally via a spacer or a linker to maintain
aptamer-binding activity. Examples of such approaches include:
(i) an antinucleolin-specific DNA aptamer (AS1411) linked to
DOX-loaded liposomes [39] and a AS1411 aptamer conjugated
to liposomes with cisplatin [40]; (ii) an aptamer functionalized on
the surface of PLGA-b-PEG-CO2H-based NPs [41]; (iii) quantum
dot-MUCT1 aptamers [42]; and (iv) thiolated nucleic acids function-
alized on gold NPs (AuNPs) [43]. There appear to be some similari-
ties in morphology between multivalent polymer-aptamer and
dendrimer-aptamer conjugates, although further research is re-
quired to confirm these. A 3’-biotin-modified-DNA aptamer tar-
geting severe acute respiratory syndrome (SARS) coronavirus
helicase has also been reported [33].

Concluding remarks and future perspectives

The characteristic features of aptamers enable their development
for many applications and in any instance where an antibody is
traditionally used. In addition, aptamers can be used in biomarker
discovery, drug discovery, diagnostics, and therapeutics, where
traditional antibodies cannot. Specialized delivery vehicles, such
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