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ZhiDong Xu,ac Jie Du,*a Wei Li *a and Shengxi Chen b

Cisplatin is the most widely used anticancer drug, but its side effects limit the maximum systemic dose. To

circumvent the side effects, a DNA tetrahedron–affibody nanoparticle was prepared by combination of

a DNA chain with cisplatin via interstrand crosslinks or adducts. Each nanocarrier can bind �68

molecules of cisplatin. This cisplatin nanoparticle exhibited high selectivity and inhibition for breast

cancer HER2 overexpressing cells BT474 and lower toxicity in MCF-7 cells with low HER2 expression.

The nano-drug inhibited the growth of BT474 cells by 94.57% at 512 nM (containing 33.3 mM cisplatin),

which was higher than that of cisplatin (82.9%, 33.3 mM).
1. Introduction

Cisplatin and its derivatives are important drugs in the treat-
ment of a variety of human cancers,1 including testicular
cancer, breast cancer, head and neck cancer, and others.2 The
mechanism of platinum chemotherapeutics involves DNA
damage.3 Cisplatin could form interstrand crosslinks or
adducts with the DNA strand.4 These adducts can cause the
DNA duplex to bend, facilitating the binding of various
proteins, and eventually leading to cell apoptosis. Cisplatin's
interaction and reaction with other proteins has also been
linked to cellular damage.5 Cisplatin drugs now account for
almost 50% of clinically used anticancer therapeutic agents.6

Despite its widespread clinical use, serious side effects are
associated with the neurotoxicity of cisplatin and limit the
maximum dose that can be administered.7 Moreover, cisplatin
has a relatively short blood circulation time, resulting in
suboptimal pharmacokinetics.8 Hence, there has been strong
interest in developing novel platinum-based therapeutics,
which can reduce the systemic toxicity of cisplatin and improve
the efficacy of cancer treatments. Recently, much attention has
been focused on creating drug delivery systems that can
temporarily stabilize cisplatin and enable its transport to the
tumor site. Candidate systems include liposomes, micelles,
polymers, and inorganic nanoparticles.9–13 These systems
enhance the permeability of cisplatin and its retention aer
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deposition in tumor tissue. However, there are some obvious
drawbacks, such as a lack of targeting, difficulty in releasing the
drug, and unsatisfactory clinical outcomes. Consequently, more
“active” delivery carriers are needed to improve tumor uptake.

DNA-based nanostructures as a drug delivery system have
received more attention.14 DNA, as a genetic material, possesses
high biocompatibility and low cytotoxicity. The ideal charac-
teristics of DNA are convenient for application to the biomed-
ical eld.15 DNA also has excellent molecular properties, such as
stability, mechanical rigidity, and nano-dimensions. It can be
easily synthesized to a specied strand length to allow the
formation of almost every shape of nanostructure.16 Moreover, it
has a high drug loading efficiency and can be effectively inter-
nalized by cells.14 Thus, DNA nanoparticles represent a “smart”
building block for the construction and development of versa-
tile highly nontoxic drug nanocarriers. Kumar et al.17 reported
an open-caged pyramidal DNA nanostructure for delivering
doxorubicin (DOX), and this nanostructure signicantly
enhanced the cytotoxicity of the delivered doxorubicin to breast
and liver cancer cells up to two-fold compared to free doxoru-
bicin. Schüller et al.18 built a DNA origami tube decorated with
62-phosphate-(CpG) sequences that was both efficient and
nontoxic, and it triggered higher levels of cellular immuno-
stimulation than equal amounts of CpG. Furthermore, aptam-
ers,19 antibody fragments,20 and affibodies21 have been linked to
DNA nanostructures to provide active targeting to tumor
tissues. In our previous work,21 we prepared a DNA–affibody
nanoparticle that mimicked an antibody in its ability to
specically target the HER2 receptor. This nanoparticle could
bind DOX to form a complex and exhibited greater selectivity for
breast cancer cells overexpressing HER2 than DOX. Thus,
considering the stability of cisplatin and DNA adduct, we aimed
to use this DNA–affibody nanoparticle as a scaffold to deliver
cisplatin drugs for treatment of HER2-overexpressing cancers.
This journal is © The Royal Society of Chemistry 2019
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2. Experimental section
2.1 Chemicals

The DNAs were synthesized from Sangon Biotech (Shanghai)
Co., Ltd. N-(3-maleimidocaproyloxy)succinimide ester (EMCS)
and cis-platinum was purchased from Aladdin (Shanghai,
China). Ni-NTA agarose and Sephadex G-25 were obtained from
GE Healthcare (Piscataway, NJ, USA). Imidazole, sodium chlo-
ride, sodium acetate, polyacrylamide, trizma base, acetic acid,
ethylenediaminetetraacetic acid (EDTA), magnesium chloride,
ethanol, sodium diethyldithiocarbamate (DDTC) and DAPI were
obtained from Sangon Biotech (Shanghai) Co., Ltd. Amicon®
ultracentrifugal lters were purchased from Merck Millipore
Ltd. (Darmstadt, Germany). Gibco® RPMI 1640 medium,
trypsin, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazo-
lium bromide (MTT), dimethylsulfoxide (DMSO), antibiotic–
antimycotic (100�), fetal bovine serum (FBS), and DAPI were
purchased from Thermo Fisher Scientic (Waltham, MA, USA).
All chemicals were purchased and used without further
purication.

2.2 Preparation of DNA tetrahedron nanoparticle

The sequences of the four single-strand DNA were as shown in
Table S1.† DNA1 (5.0 nmol), DNA2 (5.0 nmol), DNA3 (5.0 nmol),
and DNA4 (5.0 nmol) were added to 4 mL of 0.9% NaCl. The
reaction mixture was incubated at 95 �C for 10 min and then
cooled to 4 �C over a period of 30 min. The obtained DNA
tetrahedron nanoparticle was measured by the UV spectrometer
(Nano Drop 2000c, Thermo Scientic, USA) and analyzed by
10% native polyacrylamide gel electrophoresis. The gel was run
at 110 V for 1 h, and stained with Gel-Red (TransGene Biotech,
Beijing, China).

2.3 Determination of the stability of DNA nanoparticle in
fetal bovine serum

Two samples in 100 mL of 0.9%NaCl were prepared as following:
sample 1, 24 mM single strand DNA1; sample 2, 6 mM DNA
tetrahedron. Each sample was added into 100 mL of fetal bovine
serum and incubated at 37 �C. At the sampling time for every 2 h
in 48 h, 5 mL of reaction mixture was taken out and added into 5
mL of loading buffer and then analyzed by 10% native poly-
acrylamide gel electrophoresis.

2.4 Preparation of cisplatin–DNA tetrahedron nanoparticle

The DNA tetrahedron nanoparticle (1 mM) in 0.9% NaCl was
treated with different concentration of cisplatin (17 mM,
33 mM, 66 mM, 132 mM) and incubated at 37 �C in dark for 2 h.
Excess cisplatin was removed on a Sephadex G-25 column.

2.5 Circular dichroism (CD) analysis

The structure of free DNA tetrahedron nanoparticle (0.1 mM)
and cisplatin–DNA tetrahedron nanoparticle under same buffer
condition (0.9% NaCl) was analyzed by circular dichroism (CD)
spectroscopy (Bio-logic Mos-450, France). A 1 mm path length
cuvette was used, which allowed a small volume of concentrated
This journal is © The Royal Society of Chemistry 2019
nanostructure solution to be measured. The CD spectra of
nanostructure were also subtracted from background CD of
cisplatin–DNA tetrahedron in same buffer.

2.6 Preparation of DNA–affibody

The sequence of the affibody used in this study was
MIHHHHHHLQVDNKFNKEMRNAYWEIALLPNLNNQQKRA-
FIRSLYDDPSQSANLLAEAKKLNDAQAPKVDC. The affibody
was expressed in E. coli cells and puried using a Ni-NTA column.

The process for preparing DNA tetrahedron–affibody nano-
particle was shown in Fig. S1.† DNA1 or DNA2 (200 mg, 10.3 nmol)
was dissolved in 160 mL of 0.9% NaCl and treated with 40 mL of
10 mM N3-malemidocaproyloxysuccinimide ester (EMCS) in
dimethyl sulfoxide. The reaction mixture was incubated at room
temperature for 3 h and stopped by adding of 20 mL of 3 M
NaOAc. Aer the addition of 600 mL of ethanol and incubation at
4 �C for 30 min, the reaction mixture was centrifuged at 15 000g
for 30 min. The DNA was dissolved in 50 mL of NaCl buffer and
treated with 300 mg (38.1 nmol) of affibody in 300 mL of PBS buffer
for incubation at room temperature for 5 h. Then, the reaction
mixture was puried on a DEAE-Sepharose column, which was
eluted with PBS buffer containing 0.2–0.9 M NaCl. The puried
DNA–affibody chimera was analyzed by 10% denaturing poly-
acrylamide gel electrophoresis (PAGE). The elution from the
previous step was continued by purication on a Ni-NTA chro-
matography column. The elution solution (900 mL) was loaded on
a column containing 100 mL of Ni-NTA resin. Then the column
was washed ve times with 100 mL of 50 mM Tris$HCl, pH 8.0,
containing 300 mM NaCl and 10 mM imidazole. Finally, the Ni-
NTA column was eluted three times with 100 mL of 50 mM
Tris$HCl, pH 8.0, containing 300 mM NaCl and 150 mM imid-
azole. Aliquots of each fraction were analyzed by 10% SDS-PAGE.
The affibody–DNAs obtained were concentrated using Amicon®
ultracentrifugal lters (MW cutoff 10 kDa).

2.7 Preparation of cisplatin–DNA tetrahedron–affibody
nanoparticle

DNA1–affibody (10.0 nmol), DNA2–affibody (10.0 nmol), DNA3

(10.0 nmol), and DNA4 (10.0 nmol) were added to 8 mL of NaCl
buffer. The reaction mixture was incubated at 70 �C for 10 min
then cooled to room temperature over a period of 30 min. Then,
DNA tetrahedron–affibody nanoparticle was prepared based on
DNA self-assembly. The obtained DNA tetrahedron–affibody
nanoparticle was analyzed by 10% native polyacrylamide gel
electrophoresis. The operation for preparation and analyzation
process was carried out based on the previous studies.21 Finally,
the DNA tetrahedron–affibody nanoparticle was concentrated
using ultra centrifugal lters (MW cutoff 50 kDa). The concen-
trated DNA tetrahedron–affibody nanoparticle (1 mM) in 100 mL
of 0.9% NaCl was treated with 10 mL of 66 mM cisplatin and
incubated at 37 �C in dark for 2 h (Fig. S1†). Excess cisplatin was
removed on a Sephadex G-25 column.

2.8 Atomic force microscopy (AFM) characterization

For DNA tetrahedron–affibody and cisplatin–DNA tetrahedron–
affibody nanoparticle imaging, 10 mL samples (10 nM) were
RSC Adv., 2019, 9, 1982–1989 | 1983
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deposited onto a freshly peeled mica surface for 5 min. Next,
40 mL of TAE/Mg2+ buffer (40 mM Tris, 20 mM acetic acid,
2 mM EDTA, 12 mM MgCl2, pH 8.0) was added in the mica and
then dried in air at room temperature. The samples were
imaged with AFM (Agilent Technologies, 5500 AFM/SPM
System, USA).

2.9 Quantication of the cisplatin/DNA tetrahedron–
affibody ratio

Excess free cisplatin 100 mL in the previous step was added to 100
mL of DDTC in NaOH. Samples were incubated at 37 �C for
30 min and extracted with 500 mL of chloroform. The two layers
were separated by centrifugation at 13 000 rpm for 10 min.
Finally, 400 mL of the chloroform layer was concentrated to
dryness in vacuum (Eppendorf 5301, United Kingdom). The
residue was dissolved in 200 mL of acetonitrile and 15 mL injected
into the High-Performance Liquid Chromatography (Ultimate
3000, Thermo Scientic, USA) equipped with an Agilent Extend C-
18 column (4.6 � 250 mm, 5.0 mM, Agilent) and a UV detector. A
ow rate was adjusted to 1.0 mL min�1 with a gradient of pure
water (Phase A) and acetonitrile (Phase B) by the following
method: 0–15 min (75% B), 15–16 min (75–90% B), 16–21 min
(90% B), 21–22min (90–75% B). The amount of cisplatin binding
to the DNA tetrahedron in the detection sample was calculated
using the equation: the ratio of cisplatin/DNA ¼ (nInitial cisplatin �
nexcess free cisplatin)/npuried cisplatin–DNA tetrahedron.

2.10 Release assay of cisplatin

Three samples, 1 mL for each sample, were prepared as follows:
sample 1, 300 mM cisplatin in 0.9% NaCl; sample 2, 4.6 mM
cisplatin–DNA tetrahedron–affibody (containing 300 mM
cisplatin) in 0.9% NaCl; sample 3, 4.6 mM cisplatin–DNA tetra-
hedron–affibody (containing 300 mM cisplatin) and 600 units of
DNase I in 0.9% NaCl. Each sample was transferred into
a dialysis tube (1 mL, MW cutoff 10 kDa), which was oated in
100 mL 1� phosphate-buffered saline (PBS, pH 7.4) and
continuously stirred at room temperature. At the sampling time
for every 2 h in 48 h, 100 mL of PBS buffer was taken out and the
concentration of cisplatin was measured by HPLC.

2.11 Detection of targeting of cisplatin–DNA tetrahedron–
affibody

BT474 breast cancer cells (ATCC® HTB-20, overexpression of
HER2) and MCF-7 breast cancer cells (ATCC® HTB-22, low
expression of HER2 receptor) were cultured at 37 �C in a 5% CO2

atmosphere and grown in Gibco® RPMI 1640 medium supple-
mented with 10% fetal bovine serum (FBS) and 1% antibiotic–
antimycotic mix antibiotic supplement before use.

BT474 cells and MCF-7 cells were grown on confocal small
dish at a cell density of 1 � 105 cells per well at 37 �C for 24 h.
When the cell conuency reached about 70%, the cells were
treated with cisplatin and cisplatin–DNA tetrahedron–affibody
at 1 mM concentration for 1 h. Then the cells were stained using
2.5 mg mL�1 DAPI for 30 min aer the cells were rinsed with PBS
for two times. Finally, the cells were xed with 4% para-
formaldehyde for 20 min. The uorescent images were obtained
1984 | RSC Adv., 2019, 9, 1982–1989
using Olympus confocal laser scanning microscopy (Olympus
Fluoview FV1000) with red and green lters. All images were
recorded and the target cells counted using a 40� oil objective.

2.12 Biological activity of nanoparticles

Exponentially growing BT474 cells and MCF-7 cells were har-
vested and plated in 96-well plates at a concentration of 2 � 104

cells per well. Aer incubation at 37 �C for 24 h, the cells were
treated with cisplatin and cisplatin–DNA tetrahedron–affibody
nanoparticle at different concentrations for an additional 48 or
72 h. Then 20 mL of MTT (5 mg mL�1) was added to each well
and the plates were incubated at 37 �C for 4 h. The supernatant
was discarded, and 100 mL of DMSO was added to each well. The
absorbance was recorded at 570 nm aer 15 min. Inhibition of
cell growth was obtained by the following formula: inhibition of
cell growth (%) ¼ (ODnegative control � ODtreatment) � 100%/
(ODnegative control � ODbackground). Data are reported as the mean
of three independent experiments, each run in quintuplicate.

3. Results and discussion
3.1 Evaluation of DNA tetrahedron

A DNA tetrahedron was prepared and used as a vehicle to
covalently bind multiple copies of cisplatin.21 This DNA tetra-
hedron was analyzed using UV-Vis spectrophotometry and
native polyacrylamide gel electrophoresis (PAGE) (ESI, Fig. S2†).
The stability of the DNA tetrahedron in fetal bovine serum (FBS)
was determined. Gel electrophoresis showed that the band for
the nanostructure remained almost unchanged up to 4 h of
incubation, reecting the presence of intact DNA nanoparticles
in FBS (Fig. S2†). Extended incubation led to smeared bands,
suggesting partial degradation of the nanostructure. However,
the band for the nanostructure was still observed with attenu-
ated intensity even aer 24 h of incubation. On the contrary,
single-stranded DNA was almost completely degraded by the
strong degradation action of nucleases within only 2 h of
incubation in FBS, which was consistent with the report by Li.22

Thus, these results indicated that the DNA tetrahedral structure
as a drug carrier was relatively stable.

3.2 Analysis of cisplatin–DNA tetrahedron complexes

The DNA tetrahedron was treated with 17 mM cisplatin and
incubated at 37 �C in the dark for 2 h to form a cisplatin–DNA
tetrahedron structure. The obtained cisplatin–DNA tetrahedron
was puried using a Sephadex G-25 column. Circular dichroism
(CD) spectroscopy, a powerful tool for monitoring DNA struc-
ture changes,23 was used to examine the structural integrity of
cisplatin–DNA tetrahedron. As shown in Fig. 1b, the free DNA
tetrahedron had three major peaks at 221 (positive), 248
(negative), and 277 (positive), which was almost consistent with
the CD spectra of double-helical DNA.24 However, when
cisplatin was added to the DNA solution, cisplatin underwent
aquation to form more reactive [Pt(NH3)2Cl(OH2)]

+ and
[Pt(NH3)2(OH2)2]

2+ species. The reactive platinum species then
bound the DNA by forming coordination bonds with purine
bases at the N-7 positions. This reaction resulted in primarily
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 The interaction between DNA tetrahedron and cisplatin. (a) The predicted structure of DNA tetrahedron and cisplatin. (b) CD spectra of the
free DNA tetrahedron and DNA tetrahedron grafted cisplatin.
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1,2-intrastrand or 1,3-intrastrand crosslinks or adducts
(Fig. 1a).4 Therefor, the binding of cisplatin to DNA changed the
intensities of the original CD peaks, i.e., a decreased positive
peak at 221 nm, an increased negative peak at 248 nm and
a decreased positive peak at 277 nm, which indicated that
cisplatin was intercalated into DNA tetrahedron.
3.3 Structure of cisplatin–DNA tetrahedron–affibody
nanoparticle

To impart targeting ability to this drug carrier, an DNA tetra-
hedron–affibody was prepared, which contained two affibody
molecules and one DNA tetrahedron. The affibody was used to
target antigen HER2 on the cancer cell surface. The structure of
the cisplatin–DNA tetrahedron–affibody nanoparticle was
characterized using 5% native PAGE (Fig. S3†) and atomic force
Fig. 2 AFM micrographs of nanoparticles. (a) Structure of DNA tetrahedr
affibody nanoparticle. Scale bars are 20 nm.

This journal is © The Royal Society of Chemistry 2019
microscopy (AFM) (Fig. 2). The apparent size of DNA tetrahe-
dron–affibody and cisplatin–DNA tetrahedron–affibody were
between 10 nm and 15 nm. The size of DNA tetrahedron–affi-
body nano-particle became slightly smaller aer binding
cisplatin, which was caused by cross-linking between DNA
tetrahedron and cisplatin. The size of this nanometer particle is
much smaller than that of the antibody (40 nm to 2 mm), which
is more favourable for the drug to enter the cancer cells and take
effect.
3.4 Assay for binding of cisplatin with DNA and releasing of
cisplatin from DNA

The ability of the DNA tetrahedron–affibody to deliver cisplatin
was also determined. Since the absorption intensity of cisplatin
at UV light was not strong enough, the amount/content of
on–affibody nanoparticle; (b) structure of cisplatin–DNA tetrahedron–

RSC Adv., 2019, 9, 1982–1989 | 1985
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Fig. 3 Binding and release assay of cisplatin. (a) Quantification of the cisplatin/DNA ratio in the cisplatin–DNA tetrahedron–affibody nano-
particle. Cisplatin–DNA tetrahedron–affibody nanoparticles were purified using a Sephadex G-25 column, and excess free cisplatin was sub-
jected to derivatization by DDTC and analyzed with HPLC. The amount of cisplatin bound to the DNA tetrahedron–affibody was calculated in the
detected sample. (b) Cisplatin release assay from the cisplatin–DNA tetrahedron–affibody nanoparticle. The concentration of cisplatin was
measured by HPLC at designated time.
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cisplatin could not be determined directly by its UV absorption.
Thus, we developed an HPLC method for post-derivation of
cisplatin by DDTC to increase its UV absorbance.25 The binding
process of cisplatin with DNA was shown in Fig. S4.† The
amount of cisplatin bound to the DNA tetrahedron–affibody in
the detection sample was calculated, and the maximum ratio of
cisplatin to DNA was 68.2 � 1.4 based on triplicate assays
(Fig. 3a). The drug loading capacity of DNA tetrahedron–affi-
body was higher than antibody molecule, which can deliver only
a few molecules of the associated small molecule drug.26 The
strong binding capability between cisplatin and DNA is re-
ected in the following two aspects. One is the coordination
bond between the two molecules, making the stability strong
enough to be unaffected by the solution. The other one is the
easy access of cisplatin to DNA duplex and its combination with
Fig. 4 Binding assay using breast cancer cells. BT474 HER2-overexpressi
incubated with the cisplatin–DNA tetrahedron–affibody nanoparticle fo
scanning microscopy.

1986 | RSC Adv., 2019, 9, 1982–1989
purine base due to the small steric hindrance of cisplatin.
Besides, more cisplatin loading with DNA tetrahedron–affibody
would avoid the degradation in vivo and increase the uptake of
tumor cells. The toxicity of cisplatin would be reduced
accordingly.

The release of cisplatin from the DNA tetrahedron–affibody
is another signicant factor to affect its drug effect. The result
was investigated and analysed. As shown in Fig. 3b, cisplatin
was gradually released under the action of DNase I with time,
and aer 48 h, almost all cisplatin was released. These results
indicated that the cisplatin was released rapidly and effectively
from DNA tetrahedron–affibody and the drug activity per-
formed. Moreover, compared with other nano-carriers like
micelle, polymer and inorganic nano-particles, DNA
ng cancer cells and MCF-7 cancer cells with low HER2 expression were
r 1 h. The fluorescence images were obtained using a confocal laser

This journal is © The Royal Society of Chemistry 2019
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tetrahedron–affibody carrier can be decomposed to deoxy-
ribonucleic acid and amino acids, which will not be accumu-
lated in vivo.
3.5 Assay for targeting of cisplatin–DNA tetrahedron–
affibody

Affibody can mimic the antibody in its ability to specically
target the HER2 receptor. Therefore, a HER2 overexpressing cell
line, BT474, and a HER2 low-expressing cell line, MCF-7, were
used to evaluate the targeting of the cisplatin–DNA tetrahe-
dron–affibody to the HER2 receptor and to compare it with
cisplatin. The HER2 receptor was highly overexpressed in the
BT474 breast cancer cell line, whereas it was expressed at a low
level in the MCF-7 breast cancer cell line.27 Since cisplatin itself
did not produce uorescence, a uorescent FAM label was
added to the DNA tetrahedron. In the binding assay (Fig. 4), the
cisplatin–DNA tetrahedron–affibody nanoparticle bound to the
BT474 HER2-overexpressing cancer cells with greater affinity
Fig. 5 Inhibition of cell growth in BT474 andMCF-7 cancer cells by the ci
DNA tetrahedron–affibody and cisplatin was 1 : 68. Cell growth was mea
cisplatin and cisplatin–DNA tetrahedron–affibody. The results are expre

This journal is © The Royal Society of Chemistry 2019
and higher selectivity compared to that for the MCF-7 HER2
low-expressing cell line. Specically, its affinity for the BT474
HER2-overexpressing cells was three-fold higher than that for
the MCF-7 HER2 low-expressing cells (Fig. S5†). These results
manifested that the newly established nano-drugs had better
target and a higher capacity to carry a certain amount of
cisplatin than general antibody molecular drugs.26 Thus, this
nano-drug if of potential for future application in preventing
premature degradation of the cisplatin or interacting with
healthy tissue and reducing systemic toxicity.
3.6 Cytotoxicity evaluation

The inhibitory activity of the nanoparticle in HER2-
overexpressing breast cancer cells was also examined using
cisplatin as a reference. As shown in Fig. 5, 3.3 mM, 16.7 mM, and
33.3 mM cisplatin inhibited BT474 cell growth by 17%, 28%, and
68%, respectively, aer 48 h. The nano-drug (1 : 68 cisplatin–
DNA tetrahedron–affibody) inhibited the growth of BT474 cells
splatin–DNA tetrahedron–affibody nanoparticle. The ratio of cisplatin–
sured using an MTT assay after (a) 48 h and (b) 72 h of treatment with
ssed as a percentage of the control as the mean � standard deviation.
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Fig. 6 The schematic illustration of the mechanism of cisplatin–DNA tetrahedron–affibody in treatment of HER2-overexpressing cancer cells.
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by 27%, 39%, and 74% at 51 nM, 257 nM, and 512 nM,
respectively, aer 48 h. Cell growth inhibition by cisplatin and
cisplatin–DNA tetrahedron–affibody increased aer treatment
for 72 h. The maximum rate of cell growth inhibition reached to
82.9% and 94.57% at a concentration of 33.3 mM cisplatin and
512 nM nano-drug, respectively. Comparatively, at a lower
concentration (3.3 mM cisplatin vs. 51 nM nano-drug), both
cisplatin and the nano-drug showed poor cell growth inhibition.
However, at a higher concentration (33.3 mM cisplatin vs.
512 nM nano-drug), they exhibited excellent inhibition. The
nano-drug (1 : 68 cisplatin–DNA tetrahedron–affibody) exhibi-
ted 1.6-fold higher growth inhibition of BT474 cells at
a concentration of 512 nM (containing 33.3 mM cisplatin) aer
treatment for 72 h. Thus, these results indicated that cisplatin–
DNA tetrahedron–affibody was more inhibitory in HER2 high-
expressing cells than cisplatin.

However, when the nano-drug was used in HER2 low-
expressing cell MCF-7, the cell growth inhibition trend was
opposite to the nano-drug used in the HER2 overexpressing cell
BT474. The average percent growth inhibition by cisplatin was
1.2–2.3 fold higher than nano-drug at 3.3 mM concentration;
1.0–1.3 fold higher than nano-drug at 16.7 mM; and 1.3–1.6 fold
higher than nano-drug at 33.3 mM aer 48 and 72 h treatments,
respectively. The results of the MCF-7 cell assay also revealed
that the cisplatin–DNA tetrahedron–affibody had much lower
toxicity than cisplatin in HER2 low-expressing cells.

The possible route and mechanism of cisplatin–DNA tetra-
hedron–affibody for the treatment of HER2-overexpressing
breast cancer was illustrated in Fig. 6. Affibody specically tar-
geted and bound to the HER2 receptor on the surface of breast
cancer cells, thus enabling cisplatin–DNA tetrahedron–affibody
to accumulate in cancer cells. Subsequently, cisplatin–DNA
tetrahedron–affibody entered the cytoplasm by fusing with cell
membranes or by endocytosis and then was digested by
deoxyribonucleases and proteases to release cisplatin.28

Cisplatin interacted with DNA of cancer cells, causing DNA to
fail to transcribe and translate properly, and nally to
apoptosis. Another possible process was assumed to be direct
1988 | RSC Adv., 2019, 9, 1982–1989
interaction between cisplatin and protein, resulting in the
dysfunction of protein and apoptosis of cells.29 It is inferred that
loading and carrying of cisplatin with DNA tetrahedron–affi-
body greatly increased the uptake concentration of cisplatin in
cytoplasm, which is different from the transport mechanism of
cisplatin through copper transporter into cell membrane.30 We
can get a conclusion from the experimental results that
cisplatin–DNA tetrahedron–affibody is of targeting, high drug-
loading and low toxicity. Further investigation is being carried
out to optimize the drug loading system and to expand its
application eld.
4. Conclusions

A DNA tetrahedron–affibody nano-carrier was constructed and
could deliver cisplatin effectively. This structure has a small size
but exhibits greater drug-loading capacity. This novel nano-
drug with high selectivity can specically target HER2-
overexpressing breast cancer cells. It also displays strong
growth inhibition activity in HER2-overexpressing cancer cells.
Comparatively, it has lower growth inhibitory activity against
HER2 low-expressing cancer cells. This nanocarrier is a good
candidate to be developed into a drug with high specicity, high
efficacy, and low toxicity for the treatment of HER2-
overexpressing breast cancers. In our future work, this
cisplatin–DNA tetrahedron–affibody drug will be applied in
a mouse model to verify the targeting effect and therapeutic
outcome of the drug.
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