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under the context that Brentuximab 
vedotin (Adcetris) for relapsed Hodgkin 
lymphoma[5,6] and T-DM1 (Kadcyla) 
for HER2+ metastatic breast cancer[7,8] 
received clinical approval from the Food 
and Drug Administration (FDA). The so-
called “magic bullet,” originally conceived 
by Paul Ehrlich,[9] are designed to com-
bine the toxicity of small-molecule drugs 
with the targeting ability of antibodies to 
improve overall efficacy and therapeutic 
index.[10–15] Although conceptually straight-
forward, development of ADCs is encoun-
tered with several challenges including 
manageable toxicity, homogeneous conju-
gation and limited drug payload capacity. 
The balance between drug-to-antibody 
ratio (DAR) and targeting capability is 
mandatory for ADCs to reduce the attri-
tion rate of drug candidates. Very high 

DAR ADCs may suffer decreased recognition to the target 
antigen.[16–19] Hence, it is highly desirable to develop ADCs with 
both high maximum tolerated doses and high selectivity.[20–22]

Recently, the bloom of structural DNA nanotechnology[23,24] 
has demonstrated unprecedented precision on structural con-
trol, which enables predictable and programmable construction 
of complex nanostructures by exploiting intra- and inter-mole
cular Watson-Crick base-pairing. The programmability and 
addressability of DNA origami nanostructures (DONs) enable 
multiple desired functional moieties (such as therapeutic car-
goes and tumor targeting ligands) with designer geometry 
and density.[25–27] Therefore, DONs have been increasingly 
employed for developing novel drug delivery systems[28,29] due 
to their versatile designability, high solubility, and intrinsic bio-
compatibility.[30–37] Moreover, certain types of DONs have been 
proven to be readily rapidly internalized by mammalian cells 
despite their negatively charged surface property.[38]

We herein propose that DONs with certain framework[39] 
could serve as an ideal scaffold for ADCs analogues with excep-
tional control over targeting ligand density and drug loading 
contents for optimized antitumor efficacies and safety pro-
file.[40] Specifically, we construct a new prostate cancer (PCa)-
specific drug delivery system by introducing different numbers 
of ligand 2-[3-(1,3-dicarboxy propyl)-ureido] pentanedioic acid 
(DUPA) to a designed six-helical-bundle DNA origami nano-
structure (6HB DON). DUPA has been demonstrated to be a 
high-affinity inhibitor (Ki ≈ 0.02 × 10−9–0.1 × 10−9 m) for pros-
tate-specific membrane antigen (PSMA).[41] We incorporate this 

Effective drug delivery systems that can systematically and selectively trans-
port payloads to disease cells remain a challenge. Here, a targeting ligand-
modified DNA origami nanostructure (DON) as an antibody–drug conjugate 
(ADC)-like carrier for targeted prostate cancer therapy is reported. Specifi-
cally, DON of six helical bundles is modified with a ligand 2-[3-(1,3-dicarboxy 
propyl)-ureido] pentanedioic acid (DUPA) against prostate-specific membrane 
antigen (PSMA), to serve as the antibody for drug conjugation in ADC. Doxo-
rubicin (Dox) is then loaded to DON through intercalation to dsDNA. This 
platform features in spatially controllable organization of targeting ligands 
and high drug loading capacity. With this nanocomposite, selective delivery of 
Dox to the PSMA+ cancer cell line LNCaP is readily achieved. The consequent 
therapeutic efficacy is critically dependent on the numbers of targeting ligand 
assembled on DON. This target-specific and biocompatible drug delivery 
platform with high maximum tolerated doses shows immense potential for 
developing novel nanomedicine.

1. Introduction

Antibody drug conjugates (ADCs) have emerged as pow-
erful anticancer therapeutics in the past decade,[1–4] especially 
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ligand through DNA hybridization of DUPA modified single 
strand DNA (ssDNA) with DONs to form a DNA based “anti-
body” targeting PSMA+ prostate cancer cells. The site-specificity 
of DONs allows us to manage a controllable and programmable 
distribution of DUPA ligand on DONs. The chemotherapeutic 
drug doxorubicin (Dox) can be easily loaded to these nanocar-
riers via intercalation to double strand DNA (dsDNA), forming 
ADC-like nanocomposites with high drug loading capacity. The 
therapeutic efficacy of thus fabricated nanocomposites is highly 
dependent on the distribution of targeting ligand DUPA on 
DONs, demonstrating a better capability for potential treatment 
efficacy.

2. Results and Discussion

2.1. Design, Construction, and Characterization of ADC-Like 
Nanocomposites

One particular advantage of DONs over traditional ADCs is that 
they can provide two orders of magnitude higher drug payload 
capacity. In addition, multiple binding sites of DONs allow for 
the loading of both the nanodrugs and targeting ligands by either 
chemical modification or physical association.[42] A 3D tubular 
DON composed of six helical bundles (6HB) was designed 
to serve as the drug carrier selectively against target cells 
(Figure  1a,b). Long linear topology of 6HB could offer higher 
drug payload capacity, cellular uptake efficiency[32] and pro-
longed circulation of half-lives in vivo.[43] Briefly, the 6HB-DON 
was constructed from a 7249-nucleotide-long M13 bacteriophage 

genome DNA and multiple short-single strands, following a 
single-step annealing process[44,45] Thus prepared DON carriers 
were further characterized by agarose gel electrophoresis, atomic 
force microscopy (AFM) and transmission electron microscopy 
(TEM). Based on the size parameters of B-form double-helix 
DNA (2 nm diameter, and 0.33 nm per base in the direction of 
the helical axis), this 6HB DON was 400 nm in length with cross-
section of 6 nm by 6 nm. Discrete bands with expected mobility 
were observed in native agarose gel electrophoresis analysis, that 
a slightly decreased mobility for the DON is observed compared 
to the single-stranded M13 DNA, suggesting the formation of 
designed origami structures (Figure S5a, Supporting Informa-
tion, Lane 2). The corresponding bands of DONs were then 
extracted from the gel for imaging characterization by AFM and 
TEM (Figure  1a), which unambiguously confirmed the forma-
tion of DONs with expected size and shape.

DUPA-DNA conjugate (sequence: 5′-DUPA-TTGGTGGTG-
GTGGTGGTGGT-3′) was synthesized and verified by electro-
spray ionization mass spectometry (Figures S1–S4, Supporting 
Information), and then intentionally introduced into tubular 
DONs via hybridization with unpaired DNA single strand 
(sequence:5′-ACCACCACCACCACCACC-3′). Specifically, the 
DUPA binding sites on 6HB-DONs were rationally designed 
(Figure S6, Supporting Information). Four different DON car-
riers with 5, 10, 20, and 30 binding sites on each DON were 
designated, with a corresponding inter-distance of 240  nt 
(80  nm), 120  nt (40  nm), 60  nt (20  nm), and 40  nt (13.3  nm) 
between neighboring DUPA ligands, respectively.

Due to its preferential intercalation into double-stranded 
5′-GC-3′ or 5′-CG-3′, Dox was loaded to DONs by simply 
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Figure 1.  Six-helical-bundle DNA origami nanostructure (6HB-DONs) as drug carriers. a) Schematic illustration of the ADC-like nanocomposites and 
its working principle. b) Representative AFM image (top panel) and TEM image (bottom panel) of 6HB-DONs. Scale bars, 0.2 µm in AFM image and 
0.4 µm in TEM image.
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incubating DONs with free Dox at 25 °C in 1× TAE/Mg2+ buffer. 
The UV spectra of Dox and Dox-loaded DONs were shown in 
Figures S7 and S8 in the Supporting Information. Based on 
the absorbance at 260 nm (corresponding to DNA) and 480 nm 
(corresponding to DOX) in the UV spectra, the average stoichi-
ometric ratio between DON and Dox molecules was calculated 
to be 1:3200 (Figure S7, Supporting Information). Whereas for 
antibody-directed ADC, the chemical profile generally offers 
not more than eight conjugation sites for drugs. This high drug 
payload capacity of DONs could substantially increase the ther-
apeutic index and optimize the loading contents for antitumor 
efficacies and safety profile.

Pristine DONs, Dox-DONs, and Dox-DUPA-DONs show 
identical mobility with a clear band in gel electrophoresis 
images, indicating the integrity of drug loaded DONs. The sta-
bility of Dox-DONs was further evaluated by a drug diffusion 
experiment using MINI dialysis units, which was considered 
as a simple method to monitor and quantify the molecular dif-
fusion from inner structures to bulk solution. The increase of 
Dox fluorescence in buffer suggested a slow drug release from 
Dox-DONs, with ≈8 and ≈12% loaded Dox diffused out from 
the carrier within 15 and 45 h, respectively (Figure S5b, Sup-
porting Information). This slow diffusion kinetics indicated the 
high stability of Dox-DONs in buffer solution.

2.2. PSMA-Selective Drug Delivery by DUPA-DONs

To evaluate the cellular uptake of 6HB-DONs with and without 
DUPA targeting ligand, we intentionally introduced five Alexa-
488 labeled ssDNA to DONs via DNA hybridization, and then 
compared the internalization efficiency of bare DONs and the 
one attached with 5 DUPA ligands by confocal imaging. After 
4 h incubation, a higher Alexa-488 fluorescence signal was 
observed with DUPA-DONs in LNCaP cells expressing high 
level of PSMA[46] (Figure  2a; Figure S9, Supporting Informa-
tion), indicating the positive effect of targeting ligand DUPA 
on selective cellular uptake of DONs. Whereas for PC-3 cells 

expressing no PSMA,[44] no obvious difference of intracellular 
Alexa 488 fluorescence was observed, further indicating 
the selective targeting capability of DUPA-DONs to PSMA 
(Figure 2a). These confocal imaging observations were further 
confirmed by flow-cytometric analysis (Figure 2b).

Having established that DUPA-DONs can be selectively inter-
nalized into cells expressing PSMA, we evaluated Dox delivery 
by DONs and DUPA-DONs (Figure 3). Since free Dox can dif-
fuse directly through intact cell membranes, strong Dox fluo-
rescence were observed in cytoplasm and nucleus of LNCaP 
cells treated with Dox only (Figure 3, panel (i); Figure S10, Sup-
porting Information). When Dox were loaded to DONs without 
DUPA ligands, only weak Dox fluorescence could be observed 
together with Alex-488 fluorescence (Figure  3, panel (iv); 
Figure S11, Supporting Information, top panel), indicating Dox 
could not be efficiently delivered into LNCaP cells by DONs, 
which is in agreement with the observation that bare DONs 
cannot be efficiently endocytosed by LNCaP cells (Figure  2). 
When Dox were loaded to DUPA-DONs, strong fluorescence 
of both Dox and Alex-488 were observed (Figure  3, panel (v); 
Figure S11, Supporting Information, bottom panel), revealing 
the efficient Dox delivery to LNCaP cells. In addition, DUPA-
DON signals were located in cytoplasmic region and partially 
colocalized with lysosomes, and were not observed in nucleus, 
whereas Dox signals well colocalized with both DUPA-DONs 
and nucleus, indicating Dox were released from 6HB-DONs 
and then diffused into nucleus. This observation coordinates 
with previous study that part of Dox could be released from 
dsDNA in endosomes after internalized through endocytosis.[47] 
Therefore, the ADC-like nanocomposite, Dox-DUPA-DONs, 
can selectively deliver and then release Dox in PSMA positive 
cells in a highly efficient manner.

2.3. Selective Cytotoxicity of ADC-Like Nanocomposites

We then evaluated and compared cytotoxicity of free DUPA 
ligand, free Dox, DONs, DUPA-DONs, Dox-DONs, and 
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Figure 2.  PSMA-selective cellular uptake of DUPA-DONs. a) Representative confocal images indicating the internalization of DONs (green) into target 
LNCaP cells with the direction of DUPA. LNCaP and PC-3 cells were both stained with Hoechst (blue). Scale bars, 50 µm. b) Comparison of cellular 
uptake of DONs and DUPA-DONs by LNCaP (PSMA+) and PC-3 cells (PSMA−) revealed by flow cytometric analysis.
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Dox-DUPA-DONs against LNCaP cells and PC-3 cells 
(Figure  4; Figure S12, Supporting Information). The relative 
cell viability of LNCaP cells and PC-3 cells were monitored 
at 0, 3, 6, 24, and 48 h, respectively. Comparable cell viability 
was observed for cells treated with buffer only (negative con-
trol group), free DUPA ligand and drug-free DONs within 48 h,  
indicating good biocompatibility of DONs. Whereas for Dox 
involved treatments, a significant drop on cell viability was 
observed for LNCaP cells, which is contrary to PC-3 cells that 
only a moderate drop of cell viability was obtained with free 
Dox while Dox-DON showed no lethal effect. Specifically, a 
much stronger inhibition on LNCaP cell viability was observed 
for Dox-DUPA-DONs than Dox-DONs, which is also stronger 
than free Dox. For both LNCaP cells and PC-3 cells, free Dox 
group showed higher cell cytotoxicity than Dox-DON, mainly 
due to burst diffusion of free Dox compared to the release of 
Dox from DON. These results demonstrated the direction effect 
of DUPA on the selective cytotoxicity of Dox-DONs composite.

We also conducted another cell viability measurement 
through real time cell analysis (RTCA) (Figure S13, Supporting 
Information), by continuously monitoring the real-time elec-
trical impendence that reflects the physiological status of cells 
such as cell proliferation and viability. The cell index measured 
before and after the addition of samples (t = 60 h) demonstrated 
that the lethal effect of treatments is in the order of Dox-DUPA-
DON > free Dox > Dox-DON > DON ≈ blank control, which is 
in agreement of the results obtained with MTT assay.

2.4. Modulation of Cytotoxicity of ADC-Like Nanocomposites via 
Programming Distribution of Targeting Ligands

After establishing the selective cytotoxicity of Dox-DUPA-DONs 
against LNCaP cells, we investigated whether the cytotoxicity 
could be further regulated by modulating the distribution of 
DUPA ligands on 6 HB-DONs. In addition to the DUPA-DONs 
with 5 DUPA ligands, we fabricated DUPA-DONs with 10, 20, 
and 30 DUPA ligands, respectively, as Dox carriers (Figure S6, 
Supporting Information). All of these four nanocarriers showed 
comparable Dox loading capacity, with 3200 Dox molecules on 
each DON in average. Considering the DAR of ADC is gener-
ally not more than 8, the drug-to-DON ratio (3200) is two orders 
of magnitude higher. By modulating the numbers of DUPA 
ligands, we can verify the drug-to-ligand ratio (DLR), that 5, 10, 
20, and 30 DUPA ligands on one 6HB DON corresponding to a 
DLR of 640, 320, 160, and 106, respectively.

Real time cell index was monitored with RTCA to validate 
the potency of these four ADC-like nanocomposites (Figure S14, 
Supporting Information). Upon addition of Dox-DUPA-DON, a 
sudden drop on cell index occurred. After 72 h, only less than 
25% of the cell index remained for all the four Dox-DUPA-DONs 
nanocomposites. We plotted the cell index of LNCaP cells at 
48 h, with the numbers of DUPA ligands together in Figure 5, 
which clearly indicated the decrease of cell index along with the 
increase of DLR. This observation suggested a direct and strong 
correlation between drug potency and DLR engineering. More 
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Figure 3.  Selective drug delivery to cells revealed by confocal imaging. Dox is fluorescently emissive (magenta, λex 488 nm), cell nucleus are labelled 
with Hoechst (blue, λex 405 nm), DONs are labelled with Alexa-488 (green, λex 488 nm), lysosomes are labelled with LysoTracker (Deep Red Thermo 
L12492) (red, λex 633 nm). LNCaP cells (PSMA+) were incubated with i) free Dox (320 × 10−9 m, ii) DONs (100 × 10−12 m, iii) DUPA-DONs (100 × 10−12 m,  
iv) Dox-DONs (100 × 10−12 m), and v) Dox-DUPA-DONs (100 × 10−12 m) for 4 h, respectively. Scale bars, 10 µm.
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DUPA ligands displayed on linear six HB-DONs should increase 
the possibility of interactions between the ADC-like nanocom-
posite and PSMA+ cells, which further lead to more efficient 
internalization of Dox-DONs and the consequent lethal effect.

3. Conclusions

Limited drug payload capacity and selectivity of ADC remains as 
a challenge to warrant pharmaceutical effect. We constructed six 
HB-DONs attached with targeting ligands as a new selective drug 
carrier platform against prostate cancer cells. Dox could be easily 
loaded on this platform via intercalation with dsDNA helix with 
a high efficiency, that 3200 Dox molecules can be loaded on each 
six HB-DON. We employed DUPA, a small molecule ligand tar-
geting PSMA with high affinity, to direct selective delivery of Dox 

into cells. Thus fabricated Dox-DUPA-DONs can serve as ADC-
like nanocomposites, capable of targeting PASM on LNCaP cells. 
Accordingly, selective endocytosis and lethal effect were achieved. 
Compared to free Dox, Dox-DUPA-DONs showed lower toxicity 
against PC-3 cells (PSMA-) but much higher toxicity against 
LNCaP (PSMA+) cells. We further interrogated the ligand engi-
neering by localizing different numbers of DUPA ligand on 
DONs and achieved increased cytotoxicity of Dox-DUPA-DONs 
with the increase of targeting ligands, presumably due to higher 
uptake efficiency originated from the enhancement of binding 
capability with more binding sites. These findings may provide 
insights for the design and optimization of DNA nanostructures 
as drug carrier nanoplatform for biomedical application.[48]

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Figure 4.  Cellular cytotoxicity analysis evaluated by MTT assay. PC-3 cells (PSMA−) and LNCaP cells (PSMA+) were treated with buffer (control group), 
1 × 10−9 m DUPA ligand, 320 × 10−9 m free Dox, 100 × 10−12 m free DONs, 100 × 10−12 m DUPA-DONs, 100 × 10−12 m Dox-DONs and 100 × 10−12 m  
Dox-DUPA-DONs, respectively. Error bars represent the standard deviation from three independent measurements.

Figure 5.  Correlation of therapeutic efficacy of Dox-DUPA-DONs with 
numbers of targeting ligand. Cell index of LNCaP cells (PSMA+) at  
48 h was plotted with numbers of DUPA ligand (5, 10, 20, and 30) on  
Dox-DUPA-DONs. Concentration of Dox-DUPA-DONs, 100 × 10−12 m.
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