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Introduction: The toxic side effects of doxorubicin (DOX) have limited its use in chemotherapy.
Neither liposomal DOX nor pegylated liposomal DOX are able to completely resolve this issue.
This is a proof-of-concept study testing aptamer-drug conjugate (ApDC) targeted delivery
systems for chemotherapeutic drugs.
Methods: Aptamer library targeting human epidermal growth factor receptor 3 (HER3) was
screened and affinity was determined by enzyme-linked immunosorbent assay. Specificity
was tested in MCF-7HER3-high, BT474HER3-high, and 293THER3-negative cells using flow cytometry and
confocal microscopy. We further developed a HER3 aptamer-functionalized liposome encapsulating DOX and the efficiency of this ApDC was detected by cellular uptake analysis and cell
viability assay. In MCF-7 tumor-bearing mice, tumor targeting evaluation, efficacy, toxicity
and preliminary pharmocokinetic study was performed.
Results: The candidate #13 aptamer had highest affinity (Kd =98±9.7 nM) and specificity.
ApDC effectively reduces the half maximal inhibitory concentration of DOX compared with
lipsome-DOX and free DOX. In vivo imaging and preliminary distribution studies showed that
actively targeted nanoparticles, such as Apt-Lip-DOX molecules, could facilitate the delivery
of DOX into tumors in MCF-7–bearing mice. This targeted chemotherapy caused greater tumor
suppression than other groups and alleviated side effects such as weight loss, low survival rate,
and organ (heart and liver) injury demonstrated by H&E staining.
Conclusion: The results indicate that targeted chemotherapy using the aptamer–drug conjugate
format could provide better tolerability and efficacy compared with non-targeted delivery in
relatively low-dose toxic drugs.
Keywords: breast cancer, human epidermal growth factor receptor 3, aptamer–drug conjugate,
doxorubicin, cardiac toxicity, targeted therapy
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Chemotherapy is still the preferred treatment strategy for cancer, along with surgery.
Doxorubicin (DOX) is one of the most effective chemotherapeutic agents. Multiple
cancers, such as breast cancer, gynecologic cancer, liver cancer, lung cancer, lymphoma,
multiple myeloma, head and neck cancer, and soft tissue sarcoma, have shown good
response to DOX.1 Unfortunately, treatment with this drug also causes cardiotoxicity,
hair loss, and other side effects. Notably, congestive cardiomyopathy was reported in
one-third to one-half of elderly patients with B-cell lymphoma treated with cyclophosphamide, DOX, vincristine, and prednisolone (CHOP) with or without rituximab.2
Nanoparticles are now widely used as nonviral delivery systems. The use of
DOX encapsulated in nanoparticles is advantageous because of its high efficacy and
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reduced cardiac toxicity, due its sustained release effect.
The pegylated liposome-encapsulated form of DOX entered
the market after it obtained approval by the US Food and
Drug Administration in 1995.3 In China, DOX hydrochloride liposome injections are also available (eg, Shanghai
Fudan-zhangjiang Bio-Pharmaceutical Co.). The pegylated
liposome-encapsulated DOX form has low cardiotoxicity,
but high skin and oral toxicity (hand–foot syndrome [HFS])
are induced partly because of extravasation of the liposomes
due to long circulation time.4,5 Therefore, in addition to
pegylated liposome-encapsulated form of DOX, the use of
non-pegylated liposomal (NPL)-DOX is also predominant in
chemotherapy.6 NPL-DOX as a component of the R-CHOP
regimen is a highly effective treatment in patients with diffuse
large B cell lymphoma and pre-existing cardiac diseases.6
Though the median left ventricular ejection fraction did not
change after chemotherapy, the cardiac events were, indeed,
observed in 36% of patients in this cardiac high-risk group;
most of these events occurred in the follow-up and, in some
cases, a relationship to chemotherapy remains uncertain. A
decreased left ventricular ejection fraction was observed in
28% of patients without a greater frequency in the group of
patients with pre-existing reduced left ventricular ejection
fractions. In summary, the potential cardiotoxicity of NPLDOX need to be confirmed in a prospective randomized trial.
Therefore, to date, issues regarding the enhanced efficacy and
reduced toxicity of DOX have not been resolved.
Tumor-targeting strategies for the transportation of
chemotherapeutic agents have been achieved via use of
antibody–drug conjugates, as approved by the US Food and
Drug Administration. Ado-trastuzumab emtansine (Kadcyla)
is a human epidermal growth factor receptor 2 (HER2)
extracellular domain (ECD)-targeting monoclonal antibody
(trastuzumab) combined with mertansine (DM1), the indication of which is late, HER2-positive metastatic breast
cancer.7 However, challenges still exist, such as preparation
quality, the limitations of macromolecules such as their difficult penetration into the tumors, the immunogenicity of
the naked antibody, and the FcγRIIa-mediated toxicologic
effects.8 However, non-targeting toxicity is also caused by
the shedding of chemotherapeutic agents. Complex pharmacokinetic profiles also contribute to unpredictable efficacy
and toxicity. Therefore, other alternative strategies must be
explored to fill this gap.
The area of aptamer–drug conjugates (ApDCs) is now
emerging, based on the hypothesis that targeted delivery of
toxic agents to tumors will provide better tolerability and efficacy. ApDCs can be realized either by covalent conjugation or
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by noncovalent conjugation through intercalation.9 Zhao et al10
prepared a CD117-targeting aptamer–methotrexate covalent
conjugation system in acute myeloid leukemia. Targeted
delivery of cytotoxic agents using aptamer-functionalized
nanomaterials is also a promising strategy that has been
shown to be flexible in its applications.11
Here, we developed a single-stranded (ss) DNA aptamer
that could specifically bind to HER3, which has been recognized as a key signaling hub in several clinical contexts.12 High
expression of HER3 is not only associated with resistance
to HER2 inhibitors in HER2-amplified breast cancer, with
anti-estrogen therapies in estrogen receptor-positive breast
cancer, and with epidermal growth factor receptor (EGFR)
inhibitors in head and neck cancer, but is also involved in
a variety of other tumor types, such as melanoma.13 The
HER3ECD-targeted aptamer-functionalized liposomal
DOX in this study reduced cardiac toxicity and prolonged
survival time in tumor-bearing mice (Figure S1). The proofof-concept study here indicates the potential clinical value
of Apt-Lip-DOX biotherapeutics for targeted HER3 (but
not limited to HER3) therapy with minimal side effects in
patients undergoing chemotherapy.

Materials and methods
Materials
Polyetherimide was obtained from Polysciences (Warrington,
PA, USA). All the magnetic beads used in the experiment
were purchased from BEAVERBIO (Suzhou, China).
Streptavidin–horseradish peroxidase (Molecular Probes) was
purchased from Thermo Fisher Scientific (Waltham, MA,
USA). 3,3′,5,5′-Tetramethylbenzidine was obtained from
CWBIO (Beijing, China). The protein of GPC3 and EGFR
were purchased from Sino Biological Inc. (Beijing, China).
HER3ECD and HER2ECD (trastuzumab and pertuzumab
binding epitopes antigens) were prepared in our laboratory.
Bovine serum albumin (BSA) was sourced from VWR
International (Radnor, PA, USA). Anti-human HER3 Ab and
rhodamine-labeled goat anti-rabbit IgG were purchased from
Biolegend (Santiago, CA, USA) and LifeSpan Biosciences
(Seattle, WA, USA). 4′-6-Diamidino-2-phenylindole (DAPI)
and lysosome marker LysoGreen were purchased separately from Beyotime Biotechnology (Shanghai, China)
and KeyGEN BioTECH (Jiangsu, China). Quantum dots
(QD) with a CdSe core and a ZnS shell were obtained
from Nanjing Technology (Hangzhou, China). DOX was
purchased from Hisun Pfizer (Hangzhou, China). Hydrogenated soy phosphatidyl choline (HSPC) was obtained
from Tywei (Shanghai, China). 1,2-Distearoyl-sn-glycero-
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3-phosphoethanolamine-N-[methoxy(polyethylene glycol
2000)] (DSPE-PEG [2000]) Carbox was sourced from Avanti
Polar Lipids (Alabaster, AL, USA). N-hydroxysuccinimide
(NHS) and 1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide
hydrochloride (EDC) were both from Epicenter (Chicago,
IL, USA). Cholesterol estradiol (Chol) was sourced from
SIGMA (San Francisco, CA, USA). Matrigel matrix was
purchased from BD Biosciences (San Jose, CA, USA).
In addition, the aptamer library, primers, and subsequent
modified sequences were synthesized by Sangon Biotech
(Shanghai, China).

Cell lines and mice
The cell lines of human embryonic kidney (293T and 293E)
and breast cancer (MCF-7, BT474) were purchased from
American Type Culture Collection (Manassas, VA, USA).
MCF-7 and 293T were cultured in the following medium:
dulbecco’s modified eagle medium (DMEM) supplied with
10% fetal bovine serun (FBS), at 37°C with 5% CO2. BT474
cells were cultured in RPMI 1640 supplied with 10% FBS.
Only 293E cells were suspension cells and cultured in Freestyle™ 293 expression medium. All the reagents used in
cell culture were purchased from Thermo Fisher Scientific,
including DMEM, RPMI 1640, trypsin, FBS, and Freestyle
293 expression medium. Female BALB/c nude mice were
obtained from Beijing Vital River Laboratory Animal Technology Co. (Beijing, China). Female NOD-Prkdcem26Il2rgem26Nju (NCG) mice (5 weeks, 18–20 g, five animals/group)
were obtained from the Model Animal Research Center of
Nanjing University (Nanjing, China). All the mice were
bred in a pathogen-free animal facility and provided with ad
libitum access to a standard diet (PMI LabDiet®; LabDiet, St
Louis, MO, USA) and water. The study was performed with
the approval of the Ethical Committee of Beijing Institute
of Radiation Medicine and according to the principles in
the Declaration of Helsinki. The animal study was carried
out in strict accordance with the recommendations in the
Guide for the Care and Use of Laboratory Animals of the
Beijing Institute of Radiation Medicine. Animal welfare and
experimental procedures were carried out in accordance
with the National Research Council’s Guide for the use of
laboratory animals.

Production of HER3ECD
HER3ECD was produced in 293E cells as described
previously.14 Briefly, the ECDs of HER3 were cloned into
HXT-chis, an expression vector that adds a His6-tag to the
N-terminus of the encoded protein kept in our laboratory.
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Polyetherimide was used to transfect the HER3ECD expression vector into 293E cells. The cell supernatant was collected
and HER3ECD was purified on liquid chromatography
protein analyzer (GE Healthcare Bio-Sciences AB, Uppsala,
Sweden) through the nickel column.

Systematic evolution of ligands by
exponential enrichment (SELEX)
The ssDNA library contained a central randomized sequence
of 38 nucleotides: 5′-GGGAGCTCAGAATAAACGCTCAAN38-TTCGACATGAGGCCCGGATC-3′. The constant
regions included targets for polymerase chain reaction (PCR)
primers. Protein-bound nickel-nitrilotriacetic acid (Ni-NTA)
magnetic beads (BEAVERBIO) were prepared by first
equilibrating 150 µL of a 10% slurry of Ni-NTA magnetic
beads onto binding buffer (20 mM Na3PO4, 500 mM NaCl,
5 mM imidazole, pH =7.4). The equilibrated beads were
resuspended in 1,250 µL of binding buffer containing 50 µL
purified HER3ECD (1 mg/L) and rotated with a HulaMixer®
sample mixer (Thermo Fisher Scientific) for 30 min at 4°C.
The bead-bound HER3ECD was then washed three times
with 1 mL of PBS Tween-20 (PBST: 50 mM K 2HPO4,
pH =7.5, 150 mM NaCl, 0.05% Tween-20), and then diluted
to 0.25 mg/mL (2.5 pmol/mL of 100 kDa HER3ECD) with
PBST and stored at 4°C.
In the initial round of selection, the “SelexApt” library
was incubated with the bead-bound HER3ECD using a
10-fold molar excess of ssDNA in a volume that gave a
10 nM HER3ECD concentration. One nanomole of SelexApt
was diluted with 100 µL of PBST in a PCR tube, heated to
95°C for 5 min and immediately cooled on ice. This material was added to 10 mL of PBST containing 1 mg/mL BSA.
Bead-bound HER3ECD (100 pmol) was then added to this
mixture and incubated with rotation for 30 min at 25°C.
A magnet was then applied to the tubes, the supernatant
was removed, and the beads were washed three times with
1 mL of PBST, mixing by inversion at each wash step. The
proteins and bound aptamers were eluted from the Ni-NTA
magnetic beads with 15 µL of elution buffer (20 mM Na3PO4,
500 mM NaCl, 500 mM imidazole, pH =7.4) and transferred
to PCR tubes. Amplification conditions were: 15 min at
95°C, 28 cycles of 10 s at 95°C, 20 s at 58°C, 30 s at 72°C,
and finally cooling for 30 s at 37°C. This protocol produced
the correct size product as determined using PCR (Eastwin,
Beijing, China). After the amplification step, 300 µL of the
PCR product was mixed with 80 µL (10 mg/mL) streptavidin
magnetic beads (BEAVERBIO) for 1 h at 25°C and then
washed with 1 mL of PBST three times. Single-stranded
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aptamers (non-biotinylated strand) were separated from the
immobilized complementary strands by 15 min incubation
with 50 mL of fresh 100 mM NaOH. A magnet was applied
to the tubes, and the ssDNA was removed and diluted with
1 mL of PBST. Next, the material was heated to 95°C for
5 min and then immediately placed on ice to begin the next
round of SELEX.
For the next rounds of selection, the amount of protein
was reduced to 50 pmol (rounds 2–7) and, subsequently,
10 pmol (rounds 8–10) in a binding volume of 10 mL, and
the incubation time was reduced to 20 min. The PCR cycle
number was reduced to 20 cycles as products of incorrect size
were previously amplified. In order to increase the specificity
of aptamers, we selected GPC3 as an anti-screen protein
(rounds 5 and 7). Eventually, we identified a number of candidate sequences by sequencing. Secondary structures were
predicted by DNAMAN software (DNAMAN 6.0; Lynnon
Biosoft, San Ramon, CA, USA). Procedures of SELEX for
aptamer selection are shown in Figure S2.

Aptamer-enzyme linked assay
To measure the binding of aptamers to HER3ECD immobilized on microtiter plates, six concentrations (ranging
from 2.5 to 200 pmol) of purified HER3ECD and GPC3,
HER2ECD (trastuzumab and pertuzumab binding epitopes
antigens), EGFR and BSA were bound to wells in 100 µL of
binding buffer overnight at 4°C. The wells were then washed
three times with 300 µL of PBST. Biotinylated aptamers
were diluted to 2.58 ng/mL in PBST, heated to 95°C, and
then quickly cooled on ice. A 100 µL aliquot of the aptamer
was incubated with proteins for 1 h at 25°C, shaking gently.
The wells were washed five times with 300 µL of PBST for
3 min each on a plate vortex. Streptavidin–horseradish peroxidase (Molecular Probes) was diluted 1:8,000 with PBST
and a 100 µL aliquot was incubated with the proteins and
bound aptamers in the plate for 45 min at 25°C. The wells
were washed again as described above, and then, 100 µL
of 3,3′,5,5′-tetramethylbenzidine was added to each well
and incubated for 25 min at 25°C in the dark. The reactions
were stopped with the addition of 50 µL of 1 M H2SO4
and the protein-bound aptamer–streptavidin complex was
quantified by determining the absorbance at 450 nm using
a SpectraMax Plus (Thermo Fisher Scientific). The equilibrium dissociation constants (Kd) were calculated using the
one site specific binding model; equation Y = BmaxX/(Kd + X);
where X is the concentration of radioligand, Y is the specific
binding, and Bmax is the maximum specific binding in the
same units as Y.
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Cellular binding of aptamers
using flow cytometry
The MCF-7, BT474, and 293T were cultured and digested
with 0.25% trypsin and washed with PBS three times.
Approximately 1×106 cells were incubated with 2 nM fluorescein isothiocyanate (FITC)-aptamer for 1 h in the dark
at 25°C. The cells were then washed three times with 1 mL
of PBS and measured by flow cytometry (BD Biosciences,
San Jose, CA, USA).

Confocal imaging
Co-location of HER3 Ab and aptamer was performed to
verify the specificity. MCF-7 cells were seeded on round
glass and grown overnight. The cell-filled dishes were
washed with PBS and fixed with fresh 2% paraformaldehyde at 25°C for 30 min. Then the cell-filled dishes were
washed three times with 1 mL of PBS. The MCF-7 line was
incubated with anti-human HER3 Ab and FITC-Apt at the
same time at 25°C for 1 h in the dark. Then the dishes were
washed three times with PBS. Next, the MCF-7 cells were
incubated with the rhodamine-labeled goat anti-rabbit IgG
and incubated for 45 min in the dark as secondary antibody
against HER3 Ab. After three washes with PBS, DAPI was
added to the cells and incubated for 3 min. Finally, the cells
were fixed and prepared for visualization by Nikon Ti A1
confocal laser scanning microscopy (Nikon Ti A1; Nikon
Corporation, Tokyo, Japan).

Preparation of targeted delivery system
The schematic structure of several liposomes encapsulated
with DOX in the market and in this study is shown in
Figure S3. Liposomal formulations were prepared by the
standard lipid hydration method. The molar ratio of HSPC
to cholesterol and to DSPE-PEG (2000) was 10:2:1. Also,
the DOX was dissolved in water for injection during hydration. The mass ratio of HSPC to DOX was 10:1. Then the
aptamers with 5′-NH2 and 3′-thio-stability modification
about 10 nucleotides (100 nmol) were conjugated by the
amino carboxyl condensation reaction with a 10-fold excess
of DSPE-PEG (2000) Carbox in the catalytic effect of NHS
and EDC by gentle soaking for 30 min at 25°C. After the
conjugation reaction, excess of NHS and EDC was removed
clean by several times of ultrafiltration with double-distilled
H2O, avoiding the binding efficiency of Apt-DSPE-PEG2000
and Lip-DOX. The next reaction of Apt-DSPE-PEG2000
was connected to Lip-DOX by the secondary hydration and
post-insertion method (Figure S3C).15 The particle size and
the zeta potential of Apt-Lip-DOX complexes were measured

International Journal of Nanomedicine 2018:13

Dovepress

by a laser particle size analyzer (Malvern, Worcestershire,
UK), and their morphology was observed by transmission
electron microscopy (HITACHI, Tokyo, Japan).

In vitro DOX release

Apt-Lip-DOX, Lip-DOX, and free DOX (500 µg) were
dissolved with 1 mL water in different dialysis bags, which
were suspended in 50 mL of PBS buffer with 5% FBS
(pH =7.4) at 37°C with constant stirring at 140 rpm. At a
desired time point, 0.5 mL of the suspension was collected
for high-performance liquid chromatography (HPLC; Waters
2695 High Performance Liquid Chromatograph, Waters 996
Detector; Waters, Milford, MA, USA) analysis to determine
the DOX release curve among different groups. We selected
a C18 column and the appropriate mobile phase, in which
the molar ratio of 1.23% aqueous sodium acetate solution
(pH =3.3) to methanol was 6:4.

Cellular uptake analysis
The efficiency of aptamer-liposome-carboxyfluorescein oligodeoxynucleotide (FAM-ODN) compound delivery into the
cells was observed by confocal laser scanning microscopy.
Approximately 1×105 MCF-7 and 293T cells were seeded
into six-well plates and cultured for 24 h before transfection.
Then, the same volume of aptamer-liposome-FAM-ODN
(200 nM) and non-targeting liposome-FAM-ODN (200 nM)
was added to the wells. The medium was discarded 3 h
after transfection, and the cells were washed three times
with PBS. Confocal images were collected by Nikon Ti A1
confocal laser scanning microscopy (Nikon Corporation,
Tokyo, Japan).

Cell viability assay
In vitro cytotoxicities of Apt-Lip-DOX, Lip-DOX, and free
DOX were analyzed in MCF-7/BT474 and 293T cells by realtime cell assay (ACEA Biosciences, Santiago, MN, USA).
Blank liposomes were used as controls to rule out liposomal
toxicity. Briefly, the cells (400 µL) were cultured in E-plates
in duplicates at a density of 14,000 cells/well and were subsequently incubated for 24 h. DOX samples were added at
varying concentrations (ranging from 0.3 to 5 µg/mL) and
cells were observed for 96 h with a real-time monitor. The
half maximal inhibitory concentration of the different groups
was calculated using the cell proliferation curves.

In vivo targeting evaluation of ApDC
To investigate the in vitro targeting ability of aptamer in
ApDC system, CdSe/ZnS QD, which is water soluble, was
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used as an alternative of DOX. For Apt-Lip-QD system,
QDs with emission maxima at 655 nm (QD 655) were used
with an ellipsoid core/shell with diameters of 6 nm (minor
axis) by 12 nm (major axis) to ensure similar particle size
and potential as Apt-Lip-DOX.
Apt-Lip-QD and Lip-QD were prepared and intravenously injected into the MCF-7 tumor-bearing BALB/C
nude mice. One hour following the injection, mice were
anesthetized and their bodies were scanned using an IVIS
Spectrum CT (Caliper Life Sciences, Pittsburgh, PA, USA)
with a laser of wavelength 430 nm and emission wavelength
of 600 nm. Alternatively, the tumors were removed 1 h following the injection and the QD signals were collected using
the IVIS Spectrum CT.

In vivo efficacy and safety experiments
Female NOD-Prkdcem26Il2rgem26Nju (NCG) mice (5 weeks,
18±2 g) were bred in a pathogen-free animal facility and
were administered estradiol by intramuscular injection every
2 days. MCF-7 cells were harvested and resuspended in PBS
and matrigel matrix to a final density of 5×107 cells/mL.
When the tumors had grown to ~100 mm3, animals were
distributed randomly into four treatment groups (n=5 per
group). NaCl (control), free DOX, Lip-DOX, and AptLip-DOX were injected intravenously via the tail vein at
an equivalent dosage of 5 mg/kg DOX every 3 days for a
total of eight times. Tumor volumes and body weights were
measured, and the survival rate of the mice was monitored.
Tissues were collected at the appropriate time point for
H&E staining and analysis. Tumor volume was calculated
according to the following formula: volume = (longest
diameter × shortest diameter2)/2. Tissues were fixed in 2%
paraformaldehyde to observe the toxicity of different drugs
in various tissues.

Preliminary pharmocokinetic study
in tumor-bearing mice
Preliminary pharmacokinetic (PK) study was applied to
detect whether ApDC would enhance delivery efficacy and
reduce toxicity. Validated HPLC was used to determine
plasma pharmacokinetics and distribution of DOX with
daunorubicin as an internal standard according to a previous report.16 Lip-DOX and Apt-Lip-DOX were injected at
5 mg/kg DOX and blood samples were collected up to 24 h
(10 min, 1, 4, and 24 h) at different time points (n=5 at each
time point). The main organs (tumors, heart, liver, spleen,
and kidney) were collected from the 24 h time point mice. To
all samples, an aqueous solution of daunorubicin (0.5 μg/mL
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in 1.5 mL H2O) was added as an internal standard for DOX
quantification, followed by homogenization. The methods
for DOX quantification using HPLC have been described
above. DOX concentration in the organs was calculated as
% of injected dose/g tissue (% ID/g).

recombinant GPC3 protein, the resultant ssDNA pool was
sequenced. Second-generation sequencing identified two
dominant sequences (aptamer #7 and #13), and these two
sequences accounted for 42% of the total reads with secondary
structures shown in Figure 1A. The primary and secondary
structures of the two aptamers showed no conserved regions,
which might indicate that different domains of the HER3ECD
were targeted.
Specific HER3ECD binding capacity was determined
using enzyme-linked immunosorbent assay with biotinlabeled aptamers #7 and #13. The binding capacities of
aptamers #7 and #13 to HER3ECD protein were Kd =106±8.3
and 98±2.8 nM, respectively (data not shown). Therefore,
we chose #13 as the aptamer of interest in the following
experiments. Aptamer #13 showed specific binding to
HER3ECD, rather than to GPC3 or BSA proteins (Figure 1B).
Interestingly, #13 was also bound to HER2ECD and EGFR,
though statistical differences existed between HER3ECD and
HER2ECD or EGFR.

Statistical analysis
Statistical significance was determined using a Student’s t-test
with GraphPad Prism 6 (GraphPad Software Inc., La Jolla,
CA, USA). Comparison of multiple groups was performed
using a one-way analysis of variance. Tumor sizes were
analyzed and compared using the Mann–Whitney U test. A
two-tailed value of P,0.05 was considered significant.

Results
Development of a HER3ECD-specific
ssDNA aptamer
After 10 rounds of screening with decreasing HER3ECD
concentrations and three rounds of negative screening with
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Figure 1 Analysis and identification of HER3ECD aptamers.
Notes: (A) Secondary structure of two candidate sequences #7 and #13. (B) The antigen–aptamer #13 affinity experiment was performed using ELISA. Negative antigens:
GPC3 and BSA; EGFR family antigens included EGFR, HER2(P), and HER2(T). *P,0.05, **P,0.01, ***P,0.001 vs HER3ECD. (C) Typical flow cytometry diagram (singleparameter histograms) for binding specificity of the aptamer #13 and HER3ECD antigen expressed on the surface of MCF-7 and BT474. 293T cells used as negative control
with no expression of HER3ECD.
Abbreviations: Apt, aptamer; BSA, bovine serum albumin; ECD, extracellular domain; EGFR, epidermal growth factor receptor; ELISA, enzyme-linked immunosorbent
assay; HER3, human epidermal growth factor receptor 3; OD, optical density.
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Figure 2 Enhanced cellular uptake ability of Apt #13 through HER3 ECD antigen expressed on the cell surface.
Notes: (A) Confocal microscopic images of MCF-7 cells grown on coverslips. Apt #13 was detected with FITC (green). DAPI nuclear staining (blue). HER3 antibody was
detected with PE (red). Merged staining patterns are shown. Scale bars, 10 μm. (B) Fluorescence microscopy on representative MCF-7 and 293T cells incubated with
non-targeting liposome-FAM-ODN or aptamer #13-liposome-FAM-ODN. ODN distribution was detected by green fluorescence. Scale bars, 20 μm.
Abbreviations: Apt, aptamer; DAPI, 4′-6-diamidino-2-phenylindole; ECD, extracellular domain; FAM-ODN, carboxyfluorescein oligodeoxynucleotide; FITC, fluorescein
isothiocyanate; HER3, human epidermal growth factor receptor 3; PE, phycoerythrin.

Flow cytometry analysis confirmed that Apt #13 was able
to bind to HER3-expressing MCF-7 (72.43%) and BT474
cells (71.90%), but not to HER3-negative 293T cells (4.83%;
Figure 1C). Confocal microscopy images demonstrated the
co-location of FITC-Apt #13 and phycoerythrin-labeled
HER3 antibody in MCF-7 cells (Figure 2A). The flow cytometry analysis combined with the co-localization experiment
confirmed the key feature associated with the recognition of
HER3 target by #13 aptamer.

Formulation of ApDCs
For targeted chemotherapy, Apt-Lip-DOX conjugate system
was constructed and validated, including physical characteristics, in vitro DOX release rate, enhanced cellular uptake
rate, and cellular viability via aptamer. Physical characteristics, including the particle size, zeta potential, and morphology, were evaluated after preparing Apt-Lip-DOX conjugates.
The average particle size of conjugates was 170±25 nm, and
their zeta potential distribution was −45.9±6.31 mV. The
conjugates were spherical with particle sizes as shown in
Figure S4A and B.
Quantitative DOX concentration curves ranging from
2 to 64 µg/mL were constructed first using HPLC method.
The inter- and intra-precision of low-, middle-, and highquality controls was ,2.5%. The formulations of ApDCs
were optimized according to the maximal DOX encapsulation efficiency. Generally, the DOX encapsulation efficiency
in our study was 55%±5%.
In the in vitro DOX release assay, release of DOX in the
free DOX group was nearly 100% after 1 h and the release
International Journal of Nanomedicine 2018:13

of DOX encapsulated in either liposomes or Apt-liposomes
was only 20%–30% after 24 h, which demonstrates the
advantages of the liposomal sustained release delivery system
(Figure S4C).
Effective cellular uptake is the key feature for targeted
chemotherapy. We assessed the aptamer #13-liposomeFAM-ODN for its ability to enhance cellular uptake efficacy
in MCF-7HER3-high and 293THER3-negative cell lines. As shown in
Figure 2B, FAM-ODN was efficiently distributed into the
MCF-7 cells by the ApDC delivery system compared with the
liposome-FAM-ODN delivery system. Weak fluorescence
was observed in 293T cells in both the reagents treated,
because of the liposome. It is obvious that the presence of Apt
and the expression of HER3 on the cell surface contributed
to the effective endocytosis capacity of ApDC.
Accordingly, the in vitro cell viability assays showed
that the ApDC system could further inhibit the growth of
MCF-7HER3+ and BT474HER3+ cells compared to the Lip-DOX
and free DOX treatment (Figure 3; Figure S4D). Because
of the presence of HER3 expression and enhanced cellular
uptake ability, Apt-Lip-DOX was found to be advantageous
over Lip-DOX in MCF-7 and BT474 cells; however, there
was no significant difference observed in 293T cells. This
study showed that small molecules of water-soluble drugs
(DOX) can be encapsulated by liposomes to change the pathways in order to improve the ability of cells, and aptamers
could further enhance the cellular uptake efficiency, which is
consistent with the cellular imaging experiment (Figure 2B).
Of course, the toxicity tests were performed to exclude cell
viability effects due to liposome toxicity (Figure S4D).
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Targeted chemotherapy of ApDC in
MCF-7 tumor-bearing mice
First of all, targeting delivery and antitumor efficacy in vivo
need to be confirmed. Whole body optical imaging was
undertaken 4 h after injection. As shown in Figure 4A, noninvasive in vivo optical imaging demonstrated that as compared to Lip-DOX, Apt-Lip-DOX injected intravenously had
higher uptake, prolonged retention, and markedly enhanced
contrast in MCF-7 tumors.
To demonstrate the therapeutic effect of ApDC on tumor
growth, MCF-7 tumor-bearing mice were intravenously
injected with NaCl (blank), DOX only, Lip-DOX, and AptLip-DOX successively (DOX dose: 5 mg/kg). In the control
group receiving NaCl, tumors displayed rapid and continued
outgrowth during the course of the experiment (about 30 days
after the first administration). The mean tumor size of the

ApDC treatment group was much smaller than those of the
DOX and Lip-DOX treatment groups (Figure 4B). In conclusion, animals treated with ApDC exhibited a statistically
significant suppression of tumor development compared with
the other two DOX format-treated groups.
In addition to the therapeutic effects, we also analyzed
whether the side effects could be reduced in the targeted
chemotherapy strategy. Body weight, survival time and
rate, and pathologic changes in the main organs using
H&E staining of tissue sections were investigated. During
30 days post-chemotherapy, body weight of mice in the DOX
groups reduced dramatically, especially in the last 10 days.
Reduced body weight was also observed in mice treated
with Lip-DOX; however, body weight did not show any
statistical difference between the blank and Apt-Lip-DOX
groups (Figure 5A). As for the survival index (Figure 5B),
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Figure 4 Targeting delivery and antitumor efficacy of ApDC in vivo.
Notes: (A) QD signals in mouse bodies were scanned 4 h following injection. The fluorescence intensity was collected from three independently analyzed mice. Data are
shown as mean ± SD (**P,0.01). (B) Volume of xenograft tumors derived from NaCl, free DOX, Lip-DOX, and Apt-Lip-DOX mice. Data are shown as mean ± SD (n=5 in
each group). **P,0.01, ***P,0.001 vs blank. #P,0.05 vs Lip-DOX.
Abbreviations: ApDC, aptamer–drug conjugates; Apt, aptamer; DOX, doxorubicin; Lip, liposome; QD, quantum dot.
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the survival time was gradually prolonged after treatment
with DOX, Lip-DOX, and Apt-Lip-DOX. At 36 days postchemotherapy, the survival rate was 0% in the DOX group,
and at 60 days post-chemotherapy, the survival rate was 40%
in the Lip-DOX group. Notably, the survival rate was 100%
in the Apt-Lip-DOX and vehicle control groups.
Mice were sacrificed and several tissues (heart, liver,
kidney, and stomach) were harvested. H&E staining of the
tissue sections from formalin-fixed heart and liver showed
dramatic change, as indicated in Figure 5C. NaCl-treated
hearts and livers were normal, and similar results were also
observed in the Apt-Lip-DOX treatment group. In the free
DOX group, there were signs of steatosis and scattered
bleeding points in the heart and focal liver cell necrosis in
the liver. Though cardio and liver toxicity were reduced in
Lip-DOX group compared with free DOX group, scattered
damage points could still be observed.

International Journal of Nanomedicine 2018:13

To support the enhanced efficacy and reduced toxicity,
a preliminary PK and biodistribution study was performed
after the administration of single dosage of Lip-DOX and
Apt-Lip-DOX in MCF-7 tumor-bearing mice. Plasma
concentration–time curves for DOX showed that the addition of aptamers did not show rapid clearance properties of
DOX, but increased accumulation of DOX was observed
in the tumor tissues in Apt-Lip-DOX group compared with
Lip-DOX group, which is consistent with the in vivo imaging
results. In other tissues, the presence of aptamers seemed to
reduce the biodistribution of DOX in heart, liver, and kidney
to different degrees (Figure S5).

Discussion
An aptamer is a kind of single-stranded DNA or RNA oligonucleotide which alters the protein function through shape
recognition. Generally, we refer to these biologically active,
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G-rich oligonucleotides as aptamers because their activities
arise from binding to protein targets via shape-specific
recognition (analogous to antibody–antigen binding). For
example, quadruplex oligonucleotides are non-immunogenic,
heat stable, have increased resistance to serum nucleases, and
show enhanced cellular uptake compared to unstructured
sequences.17 In our study, we observed the co-location of
HER3 protein and aptamer in the cytoplasm and nucleus.18,19
The aptamer diffused strongly into the nucleus, which may
be due to either the relatively small molecular weight or the
specific cellular entry structures. We also found that Apt #13
could bind to the EGFR family (EGFR, HER2, and HER3),
while Apt #7 showed no such phenomenon (as shown in
Figure 1B). We supposed that Apt #13 might bind to the
conserved three-dimensional space structure of the EGFR
members based on the space docking mimic.20 Of course,
the characteristic and function of Apt #13 would need to be
fully investigated if necessary. Apt#13 was used for targeted
chemotherapy in this study due to its high affinity and specificity during selection process.
Due to its high-affinity binding within the heart, DOX
can cause severe dose-dependent cardiotoxicity.21 The risk of
congestive heart failure restricts the clinical use of DOX to
cumulative doses of 450–550 mg/m2.22 Pegylated liposomal
DOX (PLD) is a stable formulation encapsulating DOX in
a “stealth” (ie, pegylated) liposome, which further enhances
the sustained release effect and also avoids recognition and
phagocytosis by the body’s immune system (Figure S3B).
Although PLD has the benefit of low cardiac toxicity, it
also has the shortcoming of high skin toxicity.23 The PEGmodified DOX tends to aggregate on the skin, which means
that a small portion of the drug exudates through the capillaries of the hands and feet, resulting in HFS characterized
by numbness, paresthesia, skin swelling or erythema, scaling,
chapping, and induration blisters.24 Half of the gynecologic
oncology patients who received PLD at 40 mg/m2 for a
maximum of six cycles had HFS.25 The HFS is partly caused
by extravasation of the liposomes due to long circulation
time.5 The presence of targeting aptamer in our ApDC system
could probably reduce the nonspecific circulatory time and
enhance the tumor distribution and permeation, making it
possible to reduce HFS symptoms compared to pegylated
liposome-encapsulated DOX.
Although current evidence suggests that liposomal
DOX (Figure S3A) has lower cardiotoxicity than free DOX,
R-CDOP (D is a liposomal DOX) is classified as associated
with “left ventricular function incomplete or very weak
in patients with first-line treatment” in the US National
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Comprehensive Cancer Network Non-Hodgkin Guidelines.5,6
However, so far, the replacement test of PLD in CHOP regimens has focused on patients with senile decay, and clinical
trials are still under way for general patient trials.26,27 In these
clinical trials of elderly patients and patients with cardiac
dysfunction, a very noteworthy situation is that the doses used
are lower than the conventional dose of DOX, ranging from
25 to 40 mg/m2. The conventional dose for DOX is 50 mg/m2.
When 50 mg/m2 of liposomal DOX was compared with ordinary DOX, the NHL-14 (liposomal DOX) test showed that
liposomal DOX does not have a strong advantage.2
In this study, we used the Apt-Lip-DOX delivery system,
with PEG involved as a coupling agent rather than on the
outer layer as with PLD (Figure S3C) coupled with aptamer.
Generally, the addition of molecular weight and targeting
molecule could improve the PK parameters. For example,
PEG and cholesterol covalently conjugated to aptamer is
a common strategy to improve the circulating half-time
due to increase in molecular weight.28,29 For antibody–drug
conjugates, the presence of targeting antibody has been well
demonstrated as it can increase the tumor distribution and
decrease the circulating half-time.30 The PK behaviors of
ApDC aptamers have been rarely reported. In our preliminary
study, the addition of aptamers did not show rapid clearance
properties of DOX, but increased accumulation of DOX
was observed in tumor tissues and decreased distribution
in other major organs in the Apt-Lip-DOX group compared
with Lip-DOX group, as observed in in vivo imaging and
distribution results. Considering the PK and biodistribution results, whether ApDC can overcome the HFS caused
by liposomal extravasation due to long circulation time is
unclear. However, considering the in vivo efficacy and toxic
results, we speculated that ApDC might reduce the potential
cardiac toxicity and HFS due to the reduced administration
doses and frequency. Of course, the conclusion needs to be
supported by solid PK and pharmacodynamics data.
The dosage herein is equal to 25 mg/m2 in humans, which
is far from 50 mg/m2; however, unlike regular chemotherapy,
targeted chemotherapy could increase the accumulation of
DOX in the tumor by increasing the targeting ability and
reducing accumulation in non-target organs. In addition, low
toxicity is obvious in this study, which is indicated by no
loss in the body weight, prolonged survival rate, and reduced
toxicity in heart and liver.

Conclusion
In conclusion, the results herein indicate that targeted chemotherapy using the ApDC format could provide better
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tolerability and efficacy compared with the current chemotherapy strategy. This proof-of-concept study for targeted
chemotherapy may change the dose and regimen of conventional chemotherapy.
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Figure S1 Reduced toxic side effects and enhanced therapeutic efficacy by targeted chemotherapy using ApDC.
Abbreviations: ApDC, aptamer–drug conjugates; Apt, aptamer; DOX, doxorubicin; Lip, liposome.
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Figure S2 Overview of the SELEX selection process.
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Abbreviations: ECD, extracellular domain; Her3, human epidermal growth factor receptor 3; PCR, polymerase chain reaction.
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Figure S4 Characteristic evaluation of ApDC delivery system. (A) Physical and chemical properties of ApDC. Size distribution (left) and ζ-potential (right) were characterized
using Zetasizer. (B) Transmission electron microscope image of ApDC. Scale bar, 500 nm. (C) Release profile of DOX. Free DOX, Lip-DOX, or Apt-Lip-DOX was
respectively incubated in PBS with 5% FBS for 0.5, 1, 2, 3, 4, 6, 12, and 24 h, and the release of DOX in buffer was monitored for absorbance with HPLC. (D) The cell growth
curve in different groups. Upper figure shows the typical cell growth curves at different concentrations. Lower figure shows the effect of blank liposome with 1× and 5×
concentration and 1× ApDC in MCF-7 cell. The position indicated by the arrow is the intervention time point.
Abbreviations: AMT, automatic manual transmission; ApDC, aptamer–drug conjugates; Apt, aptamer; DOX, doxorubicin; HPLC, high-performance liquid chromatography;
IC50, half maximal inhibitory concentration; Lip, liposome; PDI, particle size dispersion index.
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