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A major limitation of tumor antiangiogenic therapy
is the pronounced off-target effect, which can lead to unavoidable :
injury in multiple organs. Ensuring sufficient delivery and £
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crucial for realizing their clinical application. Here, we develop a = = P4, 4omand
smart DNA-based nanodrug, termed Endo-rDEN, by precisely y release
assembling the antiangiogenic agent, endostar (Endo), into a )
reconfigurable DNA framework nanotube (rDEN) that could > o Starvation of <
recognize tumor-overexpressed nucleolin to achieve the targeted
delivery and controllable release of Endo. Endo-rDFN can not only Mice model
effectively enhance the tumor-targeting capability of Endo and
maintain its efficient accumulation in tumor tissues but also achieve on-demand release of Endo at tumor sites via the specific DNA
aptamer for tumor-overexpressed nucleolin, named AS1411. We also found that Endo-rDFN exhibited significant inhibition of
angiogenesis and tumor growth, while also providing effective protection against multiorgan injury (heart, liver, spleen, kidney, lung,
etc.) to some extent, without compromising the function of these organs. Our study demonstrates that rDFN represents a promising
vector for reducing antiangiogenic therapy-induced multiorgan injury, highlighting its potential for promoting the clinical application
of antiangiogenic agents.
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strands.'”'* Based on this self-assembly technology, custom-
ized DNA origami structures with adjustable size and
dimension can be acquired, and they can serve as nanovehicles
for drug delivery or other biological applications such as
biologic imaging, biosensing, biocomputation, and biostor-
age.””™'® In contrast to other nanovehicles, DNA origami
features good biological compatibility, negligible immunoge-
nicity, ignorable toxicity, and high safety as its degradation
products (deoxyribonucleotides) are essential elements of the
human body.'®"” More importantly, DNA origami has high
programmability, making itself easy to be modified with
targeting and release units, which endows the loaded drugs
with enhanced tumor targeting ability and controlled release
function.”*™** Owing to the aforementioned distinct advan-
tages, DNA origami-based nanosystem has been utilized for
the controlled delivery of coagulation enzymes to induce
localized tumor thrombosis.”> However, to the best of our

Antiangiogenic therapy, which targets tumor blood vessels-
related molecules for inhibiting the growth of tumor blood
vessels and the development of tumors has emerged as one of
the most attractive cancer treatment strategies.”” With the
burgeoning development of antiangiogenic therapy, a multi-
tude of antiangiogenic drugs have been applied to cancer
treatment in clinic or in basic studies.”* These antiangiogenic
drugs have remarkably prolonged the survival time of cancer
patients, and their combination with the first-line chemo-
therapeutic drugs even contributed to the definition of some
certain cancers toward a chronic disease owing to the
synergistic effects.””’ However, antiangiogenic drugs often
cause multiorgan injury, such as hepatotoxicity and cardiotox-
icity due to their poor tumor-targeting performance and
nonspecific biodistribution, which finally makes the cancer
patients suffer tremendously."™"” In this regard, developing a
robust platform, capable of facilitating the tumor targeting of
antiangiogenic drugs and simultaneously reducing their
cumulation in normal tissues, is highly desirable and a
precondition for circumventing multiorgan injury.

DNA origami is a self-assembly technology to fold a kilo-
base single-stranded scaffold into prescribed shapes via the
base-pairing interactions with hundreds of short staple
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knowledge, the application of the DNA origami-based self-
assembly technique for the controlled delivery of the
antiangiogenic agents and the reduction of multiorgan injury
remains unexplored.

In this study, we tailor-made a reconfigurable DNA
framework nanotube (rDFN) through DNA origami-based
self-assembly technique for the targeted delivery of endostar
(Endo), a China Food and Drug Administration-approved
antiangiogenic drug,24 to tumor sites and the minimum expose
to normal tissues. Two functional elements driven by AS1411,
a specific DNA aptamer for tumor-overexpressed nucleolin,*
were simultaneously introduced into rDFN and played an
indispensable role (Scheme 1). On the one hand, the

Scheme 1. Mechanistic Study of the Endo-rDFN-Assisted
Antiangiogenic Therapy”
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“On the one hand, AS1411 strands as the targeting domain added at
both ends of rDFN effectively promoted the accumulation of Endo-
rDFN at tumor sites. On the other hand, fasteners as the controlled-
release domain were employed to fasten Endo-rDEN, which achieved
reconfigurable transformation of Endo-rDEN from closed state to
open state and the selective exposure of Endo to tumor tissues in
response to tumor-overexpressed nucleolin, thus providing a favorable
condition for reducing antiangiogenic therapy-evoked multiorgan

injury.

incorporation of AS1411 strands at both termini of rDEN
enhanced the tumor targeting and accumulation of Endo
through the specific binding interaction between AS1411 and
nucleolin. On the other hand, rDFN was secured by a series of
fasteners composed of AS1411 strand and its partially
complementary DNA strand. The controlled opening of
these fasteners in response to tumor-overexpressed nucleolin
triggered the transition of Endo-rDFN from a closed, curled-up
conformation to an open, stretched-out conformation. This
conformational change enabled the localized release of Endo,
thereby reducing its exposure to normal tissues and creating a
favorable condition for minimizing antiangiogenic therapy-
induced multiorgan injury. Moreover, the antitumor effect of
Endo in combination with the first-line chemotherapeutic
drugs (vincristine and cisplatin) was also investigated, which
exhibited a striking shrinkage of tumor size and a prolonged
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survival span, implying a synergistic therapeutic efficacy in the
treatment of nonsmall-cell lung cancer. This study provides a
potential avenue for preventing antiangiogenic drugs or other
anticarcinogens from causing multiorgan injury in cancer
treatment.

Before synthesis of the reconfigurable DNA framework
nanotube (rDFN), a capture strand-anchored DNA framework
nanosheet (Capture-DFS) was first developed by the folding of
the M13 DNA scaffold strand with a predesigned staple and
capture DNA strands (Figures 1A and S1 and Table S1).
Meanwhile, endostar (Endo) was modified with biotin and
then conjugated to the biotin-DNA through streptavidin (SA)
to form DNA-Endo (Figure S2). Subsequently, DNA-Endo
was hybridized with Capture-DFS and loaded onto the surface
of DFS (Endo-DFS). To avoid exposing cargo Endo to normal
tissues excessively and enhance its tumor enrichment
efficiency, 8 pairs of AS1411-associated DNA aptamer strands
were mixed with Endo-DFS. After the mixtures were annealed,
the rectangular Endo-DFS could be curled up and secured
using 8 pairs of the AS1411-associated aptamers, resulting in
the tubular Endo-rDFN. The AS1411 aptamer possesses two
distinct functional domains: it serves as both the fastener and
the targeted ligand of Endo-rDFN (Figure S3). The
successfully fabricated Endo-rDFN was verified by the agarose
gel electrophoresis (Figure 1B) and fluorescence colocalization
imaging results (Figure 1C).

The first domain in Endo-rDEN is a nucleolin-responsive
switch (composed of AS1411 and its partially complementary
DNA strand). To assess whether nucleolin could induce the
unwinding of the fasteners and the opening of Endo-rDFN, a
fluorescent strand exchange experiment was conducted by
labeling AS1411 with a quencher (3’-BHQ3) and the
complementary strand with 5’-CyS. In the normal condition
(absence of nucleolin), the CyS fluorescence was initially
quenched by the BHQ3 due to their spatial proximity,
indicating that the switch was fastened, and Endo-rDFN was
under the closed state. However, once the quencher and CyS
were departed, leading to the recovery of CyS fluorescence,
which reflected that the switch in Endo-rDEN could be opened
and the loaded Endo could be thus exposed (Figure 2A—C).
This reconfigurable transformation process of Endo-rDFN
from the closed state to open state was further confirmed by
atomic force microscopy (AFM) and negatively stained TEM
imaging (Figures 2D and S4). The average hydrodynamic
diameter of Endo-rDFN was about 118.7 nm, which was
smaller than that of DFS (129.7 nm) (Figure SS). The width of
the DFS (59.4 + 4.43 nm) is twice the width of Endo-rDFN
(32.4 = 5.58 nm). The length/width ratio of DFS was about
1.5, and the length/width ratio of Endo-rDFN was about 2.7
(Figure S6). Endo-rDFN showed good stability in an aqueous
environment (Figure S7). Scratch healing experiments
displayed that Endo-rDEN retained the activity of Endo on
inhibiting the migration of endothelial cells (Figure 2E,F). It
was previously reported that Endo had the ability to inhibit
tumor proliferation.12 By scratch healing experiments, it was
verified that Endo-rDFN also retained the antitumor
proliferation ability (Figure S8).
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Figure 1. Design and characterization of Endo-rDFN. (A) The schematic illustration showcasing the construction of an Endo-loaded rDFN (Endo-
rDFN, closed state) and its reconfiguration into an open state of Endo-rDFN in response to nucleolin binding. (B) The agarose gel electrophoresis
of Endo-rDFN. Lane 1: M13 DNA, lane 2: rDEN, lane 3: SA-tDFN, and lane 4: Endo-rDEN. (C) The fluorescence colocalization imaging of Endo-
rDEN. The rDFEN was labeled with CyS, and Endo was modified with Cy7.

The second domain in Endo-rDEN is the tumor-specific
targeting domain, which utilizes a specific DNA aptamer
AS1411 for recognizing and binding to tumor-overexpressed
nucleolin (Figure 3A). Western blot (WB) results indicated
that AS49 cells (tumor cells) exhibited higher nucleolin
expression compared to 16HBE cells (normal cells), as
depicted in Figure S9. Characterization to assess the expression
level of nucleolin receptors on representative and confocal
microscopy images demonstrated the wonderful targeting
ability of Endo-rDFN to nucleolin-positive cells (Figure 3A).
We have demonstrated the superior targeting ability of Endo-
rDFN to tumor cells; we next investigated whether the
protective loading could reduce the nonspecific biodistribution
of Endo to normal tissues by constructing A549 tumor-bearing
mouse models and performing fluorescence imaging. As
indicated in Figure 3B, negligible fluorescence signal was
observed in Alexa647, Endo, and nontargeted Endo-rDEN
groups. In contrast, quantitative analysis (Figure 3C) revealed
that Endo-rDFN can accumulate in the tumor 3 times more
than that in other groups (***p < 0.001). Additionally, the
accumulation of Endo-rDEN in the tumor reached a maximum
at 12 h after injection (Figure S10). Subsequently, the mice
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were dissected at 24 and 48 h, and the heart, liver, spleen, lung,
kidney, and tumor tissues were collected, and the ex vivo
fluorescence imaging was conducted, from which we found the
anatomic tumor had the highest fluorescence signal, compared
with other organs (heart, liver, spleen, lung, and kidney), at 24
h post the injection of Endo-rDFN (Figure 3D). In addition,
ex vivo fluorescence imaging also indicated that Endo-rDEN
could accumulate in the tumor for more than 48 h (Figure
S11). Collectively, by selectively targeting nucleolin, Endo-
rDEN can maximize the delivery of Endo directly to the
cancerous site, thus minimizing the potential side effects on
healthy tissues.

Increasing evidence has demonstrated that Endostar (Endo)
often causes severe multiorgan injury, particularly cardiac
trauma.”>”*” Since Endo-rDEN could reduce the biodistribu-
tion and direct exposure of Endo to normal tissues, we
investigated whether Endo-rDFN could mitigate Endo-induced
multiorgan injury. To evaluate the long-term safety of Endo-
rDFN, we conducted a series of experiments, including cardiac
function assessment, histopathological analysis, and hemato-
logical and biochemical assays. Mice received either Endo
alone or Endo-rDFN, and their health status was monitored

https://doi.org/10.1021/jacsau.3c00661
JACS Au 2024, 4, 1345—-1355


https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00661/suppl_file/au3c00661_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00661/suppl_file/au3c00661_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00661/suppl_file/au3c00661_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00661/suppl_file/au3c00661_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00661?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00661?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00661?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00661?fig=fig1&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.3c00661?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

A

BHQ3

X

—_—

Nucleolin

Fastener SsSDNA
C 180 D
—_ POOGN
S | @
£.120
= EEE Y00
(]
c
.2 60
r ¥ 2
L X5
0 T T T
@ & & O
Y & @Q & @Q
& O NS
&5 & &

-3nm I ] 7 nm

250 um

250 ym

~——— Cyb5-fastener
—— Opening
—— BHQ-Cy5-Fastener

/N

. -

650 660 670 680 690 700
Wavelength (nm)

1200+

1000+

800 A

600

400 A

200 A

-
=]
©

-
>

=
®
c
[
<

£
(]
(8]
c
@
o
w
(]
—_
o
3
w

. =

-3nm T ] 3nm

Close Open

F

o

*é‘ 60 ek

o

=

@ 40—

@

~

©

€ 20

s |

o

< o -

R P Qé -\(\e' L Qe & & Qé

¢ P E S
@“b «'é*b <<,°°
24 h 48 h 72 h

Figure 2. Nucleolin-responsive opening of Endo-rDFN. (A) The schematic illustration showing the opening of fastener when it binds to nucleolin.
(B, C) The fluorescence recovery analysis of fastener (B) and Endo-rDFN (C) in response to nucleolin (AS1411 and the complementary DNA
modified with BHQ3 and CyS, respectively). (D) The representative AFM images of Endo-rDFN in closed (left) and open (right) states. (E)
Scratch healing experiments of HUVECs after indicated treatments (scale bars = 250 ym). (F) The quantitative analysis of (E). ***p < 0.001.

regularly. Cardiac function was assessed using a mouse cardiac
ultrasound system. The results revealed that, compared to the
control group, mice treated with Endo alone exhibited
significant declines in cardiac output, ejection fraction,
fractional shortening, stroke volume, and heart rate throughout
the study period. In contrast, mice treated with Endo-rDFN
exhibited no significant changes in these parameters over time
(Figures 4A,B and S12). Histopathological analysis of major
organs (heart, liver, spleen, lung, and kidney) was performed at
the end of the study period. The results demonstrated that
mice treated with Endo alone exhibited evident pathological
changes in several organs such as myocardial damage and renal
tubular injury. Conversely, mice treated with Endo-rDFN had
no detectable pathological alterations in any of the organs
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examined (Figures 4C and S13). Hematological and
biochemical assays were conducted to assess the potential
adverse effects of Endo-rDFN. The results showed that mice
treated with Endo alone exhibited significant variations in
multiple hematological and biochemical parameters, including
increased levels of liver enzymes and creatinine as well as
decreased red blood cell count, hemoglobin level, and platelet
count. In contrast, mice treated with Endo-rDFN had no
apparent fluctuations in hematology or biochemical indexes
throughout the study period (Figures 4D and S14).
Collectively, the long-term safety evaluation demonstrated
that Endo alone induced significant multiorgan toxicity, while
Endo-rDFN was well tolerated and did not elicit any apparent
adverse effects in mice. These findings suggest that Endo-
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Figure 3. Biodistribution of Endo-rDFN. (A) The targeting schematic diagram (left) and targeting ability of Endo-rDFN to nucleolin-positive
HUVECs. (B) The IVIS images of AS49 tumor-bearing mice in different groups. (C) The quantitative analysis of (A). ***p < 0.001. (D) The IVIS
images of the ex vivo organs 24 h post the injection of indicated samples.

rDEN is a safe and effective drug delivery system for Endo. We
propose that this efficient drug-targeting delivery system will
have significant translational implications for clinical treatment.

Having proved that the protective loading of Endo with rDFN
could reduce the potential side effects to normal tissues, we
next wonder whether Endo-rDFN could amplify the
antiangiogenic therapy outcome and the combination of
Endo-rDEN with vincristine (Vrb) and cisplatin (Ddp), two
of first-line chemotherapeutic drugs for nonsmall-cell lung
cancer,”® > whether could exert better antitumor efficacy. The
tumor-bearing AS49 nude mice were randomly divided into
five groups: saline, Endo-, Endo-rDFN, Vrb + Ddp-Endo, and
Vib + Ddp-Endo-rDFN (Figure SA). Among them, Endo and
Endo-rDFN were administered by tail vein injection, and Endo
was injected once a day 10 times while Endo-rDFEN was
injected every 2 days for a total of 5 times owing to its better
tumor targeting and accumulation effect. Vrb and Ddp were
administered by intraperitoneal injection, where Vrb was
injected twice every 7 days, while Ddp was injected 3 times, at
1-3 days (Figure 6A). As shown in Figure SB—D, tumor
growth in mice treated with Endo-rDFN was significantly
slower than that in saline and Endo treatment groups,
suggesting the enhanced antiangiogenic therapy output
rendered by rDFN. Furthermore, the combination of Endo-
rDFN with Vrb and Ddp exhibited a synergistic antitumor
effect with the survival rate improving to 83.3%, 83.3%, 66.7%,
and 23.3% compared with saline, Endo, Endo-rDFN, and Vrb
+ Ddp-Endo groups, respectively (Figure SE). In addition to
the superb antitumor outcome, no significant decline in body
weight was observed in Figure SF, suggesting the absence of
any acute complications. Additionally, the antitumor efficacy of
additional controls, including Endo + Vrb, Endo + Ddp, Endo-
rDFN + Vrb, and Endo-rDEN + Ddp, was also evaluated via
TUNEL staining (Figure S15). Endo-rDFN demonstrated
superior antitumor efficacy compared to Endo alone, and
similar results were observed when combined with Vrb, Ddp,
or Vrb + Ddp. Notably, the Endo-rDEN + Vrb + Ddp
combination exhibited the most potent antitumor effect. These
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findings provide further evidence supporting the enhanced
antitumor efficacy of Endo-rDEN, particularly in combination
with chemotherapeutic drugs.

To better depict the antitumor activity, a series of pathological
assays were conducted. The immunohistochemical staining
result of Ki67 (Figure 6A), a marker of active proliferation,
showed a reduced growth rate of tumor cells following Vrb +
Ddp-Endo-rDEN treatment, which is indicative of its excep-
tional antitumor activity. In immunohistochemistry, CD31 is a
primary indicator used to demonstrate the presence of
endothelial cell tissues and evaluate tumor angiogenesis.
Based on Figure 6B, it is evident that Endo-rDEN treatment
significantly inhibits tumor angiogenesis, as demonstrated by
the decreased expression of CD31. This finding highlights the
enhanced antiangiogenic therapy effect conferred by rDFN on
Endo. As a result, Endo-rDFN not only led to the
normalization of tumor vasculature and the starvation of
cancer cells but also sensitized the chemotherapeutic efficacy
(Figure 6C).

In summary, we prepared a reconfigurable DNA framework
nanotube (rDFN) based on a self-assembly technique to serve
as a nanovehicle for the encasement of endostar (Endo). Due
to the introduction of AS1411, a specific DNA aptamer for
tumor-overexpressed nucleolin, at both ends of rDEN, the
encased Endo could be efficiently delivered to tumor sites.
Meanwhile, the additional engagement of AS1411 strand as
well as its partially complementary DNA strand can fasten the
rDFN, which avoids the exposure of Endo to normal tissues
and the off-target toxicity. The fasteners were only opened in
response to tumor-overexpressed nucleolin, thus greatly
reducing Endo-invoked multiorgan injury. Not only that, in
combination with chemotherapy drugs, a synergistic antitumor
effect was witnessed. Collectively, our DNA origami-based self-
assembly technique sheds a light onto the protection against
multiorgan injury caused by Endo or other anticarcinogens in
cancer treatment.
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Figure 4. Long-term safety investigation. (A) Cardiac function evaluation by using mouse cardiac ultrasound system. (B) Cardiac output, ejection
fraction, fractional shortening, and stroke volume monitoring. (C) H&E staining of the major organs (scale bar = 100 ym). (D) Hematology and
biochemical assays testing. *p < 0.05, **p < 0.01, ¥**p < 0.001, ns: nonsignificant.

All DNA oligonucleotide strands (staples, capture strands, fastener,
and targeting strands) with lengths ranging from 20 to 60 bases were
purchased from the BBI Life Sciences Corporation. These strands
were dissolved in ultrapure water with a resistivity of 18 MQ cm. The
final concentration of the oligonucleotide strands was 100 uM.
M13mpl18 single-stranded DNA scaffold (M13 ssDNA) was
purchased from Shanghai Liufan Biotechnology Co., Ltd. (catalog
number: bayou p-107) and used without further purification. Endostar
(Endo) was supplied by Shandong Xiansheng Pharmaceutical Co.,
Ltd. (Shandong, China). N-Hydroxysuccinimide (NHS, 98.0%) and
streptavidin (SA) were purchased from GlpBio. All other chemicals or
materials were purchased from Sigma-Aldrich and used as received,
unless stated otherwise.

The Capture-DFS was developed by the folding of the M13 DNA
scaffold strand with predesigned staple and capture DNA strands.
Briefly, 10 nM M13 mp18 DNA was mixed with 50-fold molar excess
staple strands and 100-fold molar excess capture DNA in 1 X TAE-
Mg2+ buffer (40 mM Tris, 20 mM acetic acid, 2 mM EDTA, and 12.5
mM magnesium acetate, pH = 8.0). The mixture was annealed from
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95 to 4 °C. After that, a PEG buffer (15% PEG8000, S mM Tris, 1
mM EDTA, and 505 mM NaCl) was added to the mixture in a 1:1
volume ratio and then centrifuged at 10,000g for 15 min. After
removing the supernatant, the sediment was resuspended in a 1 X
TAE-Mg** buffer and subjected to shaking at 40 °C, 400 rpm for 8 h.

100 L, 1.5 mg/mL Endo was mixed with a 20-fold excess of NHS-
biotin (GlpBio, GC135041) in 1 X PBS (pH = 8.0), and the mixture
was shaken at 200 rpm, at room temperature for 2 h. After that, the
excess NHS-biotin was removed by Zeba spin desalting columns (7 K
MWCO, 0.5 mL).

Cy7 which contained an N-hydroxysuccinimide activation group
(NHS-Cy7) was mixed with Endo in 1 X PBS (pH = 8) for 2 h with a
molar ratio of 100:1. Excess NHS-Cy7 was removed by Zeba spin
desalting columns (7 K MWCO, 0.5 mL).

Biotin-DNA, SA (GLPBIO, GP247291), and biotin-Endo were mixed
in 1 X PBS at a molar ratio of 3:1:1. The mixture was shaken at 200
rpm, at room temperature for 2 h. After that, the excess biotin-DNA
was removed through ultrafiltration (3000g, 10 min) with 30 kDa
cutoff filters (Amicon) three times in 1 X PBS (pH = 7.2).
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A S-fold excess DNA-Endo was mixed with Capture-DFS (10 nM) in
1 X TAE-Mg* buffer. The mixture was annealed from 45 to 25 °C at
a rate of S min/°C to facilitate the loading of Endo. The mixture was
then purified through ultrafiltration (3000g, 10 min, 3 times) with 100
kDa to remove excess DNA-Endo conjugates, and Endo-DFS could
be obtained. After that, a 30-fold excess of the fastener and a 10-fold
excess of targeted strands were added to the Endo-DFS solution (10
nM). To facilitate assembly, the mixture was heated to 45 °C and
then cooled to 25 °C at a rate of S min/°C. The excess fastener and
targeted strands were removed through ultrafiltration (3000g, 10 min)
with 100 kDa cutoff filters (Amicon) for three times in 1 X TAE-Mg**
buffer.

The morphology and conformational transformation of the samples
were observed by using atomic force microscopy (AFM; Multimode
Nanoscope VIII, Bruker). The hydrodynamic diameter of the samples
was monitored by dynamic light scattering (DLS; BI-9000AT,
Malvern, UK). The stability and reconfigurable transformation of
Endo-rDFN were monitored by using a microplate reader (BioTek,
Synergy). Agarose gel electrophoresis experiments were conducted
using 1% agarose gel in ice-cold 1 X TAE-Mg** buffer with a run
voltage of 100 V and a run time of 1 h.

S pL of sample containing DNA objects at a concentration of 2—10
nM was pipetted onto a plasma-treated carbon grid. The sample
droplets were incubated on the grids for 3 min and then blotted away
using filter paper. A 5 uL droplet of 2% aqueous uranyl formate
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(UFO) solution containing 25 mM sodium hydroxide was pipetted
onto the grid and immediately blotted away. Subsequently, a 20 uL
UFO droplet was pipetted onto the grid, incubated for 30 s, and
blotted away. The grids were air-dried for 20 min before imaging on
an FEI Tecnai G2 F20 S-TWIN microscope at 200 kV.

A pair of fluorophore-quencher fasteners was chosen to evaluate the
response upon binding to recombinant nucleolin. The Fastener-48
strand was modified with Cy$ at the $’ end, and its complementary
strand (Comp-48) was modified with BHQ3 at the 3’ end. The CyS-
Fastener-48 strand and Comp-48-BHQ3 were mixed in 1 X TAE-
Mg** buffer with a final concentration of 20 yM. The mixture was
annealed from 95 to 25 °C at a rate of 3 min/°C.

The DNA sequences used are shown below:

CyS-Fastener-48: 5-CyS-GGTGGTGGTGGTTGTGGTGG-
TGGTGGTCTAAAGTTTTGTCGTGAATTGCG-3;

Comp-48-BHQ3: S-GTAAAGCTTTTTTTTTTTTACAACC-
ACCACCACC-BHQ3-3.

The fluorophore-quencher fastener (2 M) was mixed with a 20-
fold molar excess of recombinant nucleolin (RPC242Hu01,
CloudClone Corp.) at 37 °C. Fluorescence intensity measurements
were then performed using a microplate reader (BioTek, SYNERGY
H1).

Six pairs of fasteners were designed to lock Endo-rDEN. In order to
evaluate the reconfiguration of Endo-rDEN, six pairs of fasteners were
modified with fluorophore-quencher pairs and served as switchable
fluorescent beacons. These fasteners were mixed in 1 X TAE-Mg**
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buffer with the final concentration of 20 uM. The mixture was
annealed from 95 to 25 °C at a rate of 3 min/°C. After that, a 30-fold
excess of fluorophore-quencher fasteners were added to the Endo-
DFS solution (10 nM). To facilitate assembly, the mixture was heated
to 45 °C and then cooled to 25 °C at a rate of S min/°C. The excess
fluorophore-quencher fasteners were removed through ultrafiltration
(3000g, 10 min) with 100 kDa cutoff filters (Amicon) three times in 1
X TAE-Mg** buffer.

The DNA sequences used are shown below:

CyS5-Fastener-48: 5-Cy5-GGTGGTGGTGGTTGTGG-
TGGTGGTGGTCTAAAGTTTTGTCGTGAATTGCG-3;

Comp-48-BHQ3: S-GTAAAGCTTTTTTTTTTTTACAACCA-
CCACCACC-BHQ3-3.

CyS-Fastener-73: 5-CyS-GGTGGTGGTGGTTGTGGTG-
GTGGTGGTAGAGCTTGACGGGGAAATCAAAA-3;

Comp-73-BHQ3: S-TGTAGCATTTTTTTTTTTTACAA-
CCACCACCACC-BHQ3-3;

CyS-Fastener-97: S5-CyS-GGTGGTGGTGGTTGTGGTG-
GTGGTGGCGAGAAAGGAAGGGAACAAACTAT-3;

Comp-97-BHQ3: S-TGAGTTTCTTTTTTTTTTTACAACC-
ACCACCACC-BHQ3-3;

CyS-Fastener-120: 5-CyS-GGTGGTGGTGGTTGTGGTG-
GTGGTGGATAGGAACCCATGTACAAACAGTT-3;

Comp-120-BHQ3: S-CAAGCCCATTTTTTTTTTTTACAACC-
ACCACCACC-BHQ3-3;

CyS-Fastener-144: 5-CyS-GGTGGTGGTGGTTGTGGTGGTG-
GTGGCACCACCCTCATTTTCCTATTATT-3;

Comp-144-BHQ3: S-CCGCCAGCTTTTTTTTTTTACAAC-
CACCACCACC-BHQ3-3;

CyS-Fastener-169: 5-Cy5-GGTGGTGGTGGTTGTGGTG-
GTGGTGGCTACATTTTGACGCTCACCTGAAA-3;

Comp-169-BHQ3: S-CCCTCAGTTTTTTTTTTTTACAAC-
CACCACCACC-BHQ3-3.

30 nM Endo-rDEN, labeled with fluorophore-quencher fasteners,
was mixed with a 20-fold molar excess of recombinant nucleolin at 37
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°C. Fluorescence intensity measurements were then performed using
a microplate reader (BioTek, SYNERGY H1).

Cy?7-labeled Endo was loaded onto CyS-labeled rDFN to form Cy7-
Endo-rDFN-CyS. The excess Cy7-Endo was removed through
ultrafiltration (3000g, 10 min) with 100 kDa cutoff filters (Amicon)
for three times in 1 X TAE-Mg** buffer. 100 uL of the Cy7-Endo-
rDFN-CyS was dropped onto a glass-bottom dish (D29-10-1.5-N,
Cellvis) for 20 min. Co-localization images of Endo and rDFN were
then obtained by using fluorescence microscopy (Leica, THUNDER
Imager DMI8, German).

Lung adenocarcinoma cell line AS49, human bronchial epithelial-like
cell line 16HBE, and human umbilical vein endothelial cell line
HUVECs were purchased from the American Type Culture
Collection (ATCC, USA). Lung adenocarcinoma cell line AS49 and
human bronchial epithelial-like cell line 16HBE were cultured in
RPMI-1640 medium (Bionind, Israel) containing 10% fetal bovine
serum (FBS, Procell, China), 100 U/mL penicillin, and 100 U/mL
streptomycin. HUVECs were cultured in DMEM supplemented with
10% fetal bovine serum, 100 U/mL penicillin, and 100 U/mL
streptomycin. Cells were maintained at 5% CO, under 37 °C and
routinely tested for mycoplasma contamination.

In a six-well plate, an appropriate amount of cells were inoculated and
incubated for 24 h. When the cell density in the field of view reached
more than 90% under the microscope, the cells were incubated with
2% low serum for 0, 24, 48, and 72 h using a 200 mL pipet tip crossed
vertically with a line at the bottom. Subsequently, the medium was
discarded, and the cell migration distance was observed under a bright
field microscope.

https://doi.org/10.1021/jacsau.3c00661
JACS Au 2024, 4, 1345—-1355


https://pubs.acs.org/doi/10.1021/jacsau.3c00661?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00661?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00661?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00661?fig=fig6&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.3c00661?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Cells were collected with 1.5 mL EP tubes, and cytosolic proteins
were extracted using a cell membrane extraction kit (Abmart, China
#A10008S) mixed with corresponding protease inhibitors and
phosphatase inhibitors (Cwbiotech, China) according to the
manufacturer’s instructions. Protein concentration was determined
using a BCA protein concentration assay kit (Beyotime) according to
the manufacturer’s instructions. Equal amounts of proteins were
separated in 10% SDS-PAGE, and then the proteins were transferred
to PVDF membranes, closed with 5% skim milk powder for 2 h at
room temperature, and then incubated overnight at 4 °C with a
1:1000 dilution of protein primary antibody. The membrane was
washed 3 times with TBST, then incubated with conventional
secondary antibody for 1 h at room temperature, and washed three
more times with TBST. Next, the signal intensity of the membrane
was detected using the ECL (enhanced chemiluminescence) Western
blotting substrate (Pierce, Rockford, IL) according to the
manufacturer’s instructions. The following primary antibodies were
used: nucleolin (Abmart no. T510696S), f-actin (Abmart no.
T40104), and ATPase (Abmart #T55159F).

Cells in the logarithmic growth phase were inoculated in six-well
plates that were pre-equipped with cell crawlers. The cells were
cultured for 24 h until fully attached to the wall. The original medium
was discarded, and the cells were washed with PBS. The cells were
then cultured for another 24 h in 10% FBS medium. After that, the
cells were exposed to CyS-labeled targeted-Endo-rDFN and non-
targeted-Endo-rDFN for 24 h to investigate their targeting properties.
Subsequently, the original medium in the well plates was discarded,
and the cells were washed with PBS three times, followed by the
addition of 4% paraformaldehyde and fixation for 15 min. The fixative
was then discarded, and the plates were washed with PBS three times
for S min each time. Next, the cells were stained with DAPI staining
solution for 5 min at 37 °C, followed by discarding the staining
solution and washing the plates with PBS three times for 5 min each
time. Finally, the stained cells were sealed with an antifluorescence
burst sealer and observed under a fluorescence microscope.

In this experiment, human lung adenocarcinoma A549 cells were used
to construct a tumor-bearing mouse model. When the cells grew to an
80% fusion rate and good cell morphology was observed, the cells
were digested with trypsin and centrifuged. Subsequently, the
supernatant was discarded, and the cells were resuspended with a
basal medium. The cell density was adjusted to 5 X 107 cells/mL, and
the cell suspension was placed on ice to maintain the viability of the
cells. Subsequently, 100 uL (ie, 5 X 10°) of A549 cells was
inoculated subcutaneously in the right lower limb of each female
BALB/c nude mouse as soon as possible (within 1 h) to establish a
female BALB/c nude mouse model of lung adenocarcinoma cancer
with AS49 cells. Each tumor-bearing nude mouse was labeled with an
ear stud and observed every other day for bulging at the injection site.
Tumor volume (V) was measured with vernier calipers, V.= LWH X
7/6 (L, W, and H are the length, width, and thickness of the tumor,
respectively). When the tumor size and volume averaged about 100
mm?, the next step of the experiment could be performed. All
experiments were approved by the Animal Care and Use Committee
of Zhujiang Hospital, Southern Medical University (LAEC-2022-
176).

Biodistribution investigation was conducted by in vivo and ex vivo
fluorescence imaging. For in vivo fluorescence imaging, AS49 tumor-
bearing mouse models were randomly divided into 4 groups (n = 4):
Alexa647, Endo, nontargeted Endo-rDFN, and Endo-rDEN (Endo in
each group was labeled with Alexa647). Subsequently, the samples
were injected through the tail vein (the dose of Alexa647 was S nmol
for each individual). At 1, 2, 4, 6, 8, 12, 24, and 48 h after the
administration, the mice were anesthetized with isoflurane, and the
distribution of fluorescence was observed on a Multispectral Imaging
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System (PerkinElmer, USA). For ex vivo fluorescence imaging, the
mice were euthanized at the time point of 24 and 48 h. Then, the
tumor, heart, liver, spleen, lung, and kidney were rapidly dissected and
separated. Subsequently, fluorescence imaging (emission wavelength
680 nm, excitation wavelength 640 nm) was performed on a
Multispectral Imaging System (PerkinElmer, USA).

When the tumor volume reached about 100 mm?, the tumor-bearing
mice were randomly divided into S groups (n = 6) and injected
intravenously with physiological saline (200 uL in the control group),
Endo, Endo-rDEN, Vrp + Ddp + Endo, and Vrp + Ddp + Endo-rDFN
via tail vein (the dose of Endo was 6600 yg/time). As note, Endo was
injected once a day while Endo-rDFN was injected every other day,
for a total of 10 days per mouse. Vrp and Ddp were administered
intraperitoneally, with Vrp administered on days 1 and 8 (the dose
was uniformly 15 mg/kg) and Ddp administered on days 1—3 (the
dose was 6 mg/kg). The length, width, and thickness of tumors were
recorded with vernier calipers, and the weight was weighed and
recorded with an electronic balance for 21 days after administration.
Survival was monitored up to S0 days, during which dead mice were
dissected and tumors were collected. On day 50, the mice that were
still alive were euthanized and dissected. Subsequently, the tumors
were collected, washed with saline, and stored in 4% paraformalde-
hyde solution and —80 °C refrigerator, respectively, for histological
examination and immunohistochemical analysis. Immunohistochem-
ical analysis of the expression of Ki67, tunnel, and CD31 in different
groups in tumor tissue sections was carried out, and representational
images were obtained.

The mice were randomly divided into three groups: saline (control
group), Endo, and Endo-rDFN (n = 3 for each group), and then the
samples (the dose of Endo was uniformly 6600 ug/time) were
administered by tail vein injection for 14 days. The hearts of mice
were examined by small animal ultrasonography on days 7—14. The
blood was collected for hematology and biochemical assays. After
execution of nude mice, the heart, liver, spleen, lung, and kidney were
rapidly dissected and separated and put into 4% paraformaldehyde for
histological examination.

IBM SPSS 21.0 statistical software was applied for data analysis.
Measures that conformed to a normal distribution were presented as
mean + standard deviation (x + s) for statistical description.
Independent ¢ test was used to assess the differences between groups
when comparing only two groups, and one-way ANOVA was used
when comparing more than two groups, and the LSD method was
used to compare two within groups when the variance was the same,
and Dunnett’s T3 method was used when the variance was not the
same. Asterisks are leveraged to depict the significant differences (*p
< 0.05, *¥p < 0.01, ***p < 0.001, ns: nonsignificant).

The data sets generated during and/or analyzed during the
current study are available from the corresponding authors
upon reasonable request.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.3c00661.

Schematic display of the folding strategy for DFS
(Figure S1); conjugation of Endo with DNA (Figure
S2); schematic display of the folding strategy for DFN
(Figure S3); negatively stained TEM image of the Endo-
DFN (Figure S4); hydrodynamic diameter of DFS and
Endo-rDFN characterized by dynamic light scattering
(Figure S5); sizes of DFS and Endo-rDFN (Figure S6);
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stability of Endo-rDFN in aqueous solution (Figure S7);
scratch healing experiments of AS49 cells after different
treatments (Figure S8); plasma membrane nucleolin in
16HBE and A549 cells (Figure S9); in vivo fluorescence
imaging (Figure $10); IVIS images of the ex vivo organs
48 h post the injection of different samples (Figure
S11); monitoring of heartbeat after indicated treatments
(Figure S12); H&E staining of the lung (Figure S13);
hematology and biochemical assaytesting (Figure S14);
TUNEL staining of tumor sections for evaluating cell
apoptosis after indicated treatments (Figure S15); and
sequence of short single-stranded oligonucleotides used
in this study (Table S1) (PDF)
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