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Abstract

In this article, we used an artificial DNA base to manipulate the formation of DNA nanoflowers
(NFs) to easily control their sizes and functionalities. Nanoflowers have been reported as the
noncanonical self-assembly of multifunctional DNA nanostructures, assembled from long DNA
building blocks generated by rolling circle replication (RCR). They could be incorporated with
myriad functional moieties. However, the efficacy of these DNA NFs as potential nanocarriers
delivering cargo in biomedicine is limited by the bioavailability and therapeutic efficacy of their
cargo. Here we report the incorporation of metal-containing artificial analogues into DNA strands
to control the size and the functions of NFs. We have engineered bioinspired, size-controllable,
self-degradable cancer-targeting DNA nanoflowers (Sgc8-NFs-Fc) via the incorporation of an
artificial sandwich base. More specifically, the introduction of a ferrocene base not only resulted in
the size controllability of Sgc8-NFs-Fc from 1000 to 50 nm but also endowed Sgc8-NFs-Fc with
self- degradability in the presence of H,O, via Fenton’s reaction. In vitro experiments confirmed
that Sgc8-NFs-Fc/Dox could be selectively taken up by protein tyrosine kinase 7 (PTK7)-positive
cancer cells and subsequently cleaved via Fenton’s reaction, resulting in rapid release kinetics,
nuclear accumulation, and enhanced cytotoxicity of their cargo. In vivo experiments further
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confirmed that Sgc8-NFs-Fc has good tumor-targeting ability and could significantly improve the
therapeutic efficacy of doxorubicin in a xenograft tumor model. On the basis of their tunable size
and on-demand drug release kinetics upon H,0O, stimulation, the Sgc8-NFs-Fc nanocarriers
possess promising potential in drug delivery.

Graphical Abstract

Complementary to Pl DNA

aptamelr_srequence @ L
| DNA-F j ) X
Complementary to ¢ conjugate Liquid Z__l E E }%:_-’)
Drug releasing crystallization ;

It is known that DNA and RNA are the building blocks of life, containing all of the
information that cells need to synthesize proteins and replicate. In recent years, various
artificial analogues have been created to add new bases for life, such as therapeutic
nucleosides,1~# unnatural base pairs of alternative hydrogen bonding,>® hydrophobic
unnatural base pairs’-® and metal-base pairs.® Compared to their natural congeners, artificial
bases differ in the nucleobase,0 the sugar,!! or the phosphate moiety.12 Because of their
resistance to nucleases, enhanced thermostability, and maneuverability, artificial bases hold
great potential in disease treatment, aptamers selection, modern sequencing methods, and
biometric technology.13-17

Our group has previously reported “the noncanonical self-assembly of multifunctional DNA
nanostructures, termed as nanoflowers (NFs), assembled from long DNA building blocks
generated by rolling circle replication (RCR).”18 Although NFs have attracted significant
attention in drug delivery as a result of their high drug-loading capacity, the complexity of
RCR makes it hard to control their size. DNA nanoflowers are exceptionally stable in
biophysiological fluids owing to the sparsity of nick sites in the elongated DNA products
and the coprecipitation of DNA products and magnesium pyrophos- phate during the
synthesis process. However, these properties also decrease the bioavailability and efficacy of
their cargo.18-20 Therefore, to improve the therapeutic efficacy, it is necessary to develop
DNA NF-based drug delivery systems with the capability of on-demand drug release in a
stimuli-responsive manner in cancer cells instead of a passive release.
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Ferrocene (Fc), a metallocene, has remarkable redox properties that have been widely
utilized in chemical sensors as well as biosensors. Therefore, it is not surprising that the
incorporation of ferrocene moieties into DNA has become a highly attractive field of study,
given the wide range of potential applications,?! including the development of
electrochemical sensors?2 and DNA nanomaterials.23 Over the last two decades, scientists
have succeeded in conjugating ferrocene with DNA through its backbone (i.e., sugar and
nucleobase) in order to monitor signal changes with the aim of detecting targets.24-28 Fc, as
a key functional component, is expected to hold promise in constructing various novel DNA
nanomolecules, as biomaterials, or by endowing other materials with new functions and
unique applications. Most studies have reported on the linkage of the Fc group to DNA by a
flexible alkyl chain or C-C connection, making it difficult to precisely identify the FC
group’s properties. To date, however, no studies have reported on the replacement of
ferrocene on nucleobases for the purpose of studying FC properties with DNA nanoflowers.
Of particular importance in the present study is the report that Fc can react with H,O5 to
produce hydroxyl radicals through Fenton chemistry, causing breaks in DNA strands.30:31
Adopting this idea, we herein report the engineering of bioinspired, size-controllable, and
self-degradable cancer-targeting DNA nanoflowers (Sgc8-NFs- Fc) via the incorporation of
an artificial sandwich base or, more specifically, the incorporation of Fc base into DNA, or
Fc-DNA, with DNA NFs. On the basis of the breaks in DNA strands caused by the Fc base,
Sgc8-NFs-Fc shows a Fenton’s reaction-induced self-degradation capacity which efficiently
improves the release Kinetics, as well as the therapeutic efficacy, of anticancer drugs in
cancer cells (Scheme 1). Moreover, the introduction of Fc base into DNA promotes the size
controllability of Sgc8-NFs-Fc via hydrophobic interactions.

B RESULTS AND DISCUSSION

Synthesis and Characterization of NFs-Fc.

The synthesis of Sgc8-NFs-Fc, as illustrated in Schemes 1 and 2, includes three steps: the
synthesis of Fc-DNA, the preparation of DNA nanoflowers, and the incorporation/
hybridization of H,0,-responsive Fc DNA with DNA nanoflowers. Fc-DNA was first
prepared via the incorporation of Fc base into DNA. Fc base synthesis is described in the
Experimental Section. Briefly, commercially available (S)-3-amino-1,2-propanediol was
coupled with compound 1, and the corresponding phosphoramidite (4) was prepared for
DNA solid-phase synthesis by standard methods (Scheme 2, Figures S1 and S2). DNA
nanoflowers were then prepared according to our previous reports.18:32:33 |n general, a
closed circular DNA (Table S1) containing the complementary sequence of aptamer Sgc8
was utilized as the DNA template to produce an Sgc8-tandem repeat DNA sequence. The
resulting long DNA sequences could spontaneously form petal-like DNA structures with a
size in the micrometer range (Figure 1a) via a process of crystallization, nucleation, and
growth. Subsequently, Fc-DNA (Table S1) was incorporated by hybridization with DNA
sequences into the DNA nanoflowers.

The dimensional regulation of DNA nanoflowers typically involves molecular multiplication
based on enzymatic amplification reaction conditions or poly(ether imide) (PEI). However,
the applications of NFs are limited by their large microstructure sizes, nondegradation, and
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biocompatibility. Hydrophobic interactions between hydrophobic moieties can also tightly
condense nucleic acids. For example, cholesterol was used to condense RNA microparticles.
34 Therefore, it was speculated that DNA with incorporated hydrophobic Fc could be used to
control the size of the DNA flowers. To investigate the effect of Fc on the size of DNA
flowers, DNA flowers were analyzed via scanning electron microscopy (SEM) after
incubation with Fc-DNA at different concentrations (Table S2). As shown in Figure 1a—d,
the size of the DNA flowers decreased gradually with increasing Fc-DNA concentration, and
DNA nanostructures with different diameters (200, 100, and 50 nm) could be easily
obtained. The control of Fc-DNA over the size of DNA NFs was also confirmed by dynamic
light scattering (DLS, Figure 1e). Transmission electron microscopy (TEM) also revealed
that the morphology of Sgc8-NFs became gradually condensed and changed from petal-like
structures with hierarchical pores to densely packed ball-like structures when the
concentration of Fc-DNA increased (Figure 1f-i). These results clearly demonstrate that Fc
base can be utilized to accurately control the size of DNA NFs. In general, nanoparticles
with a size of less than 10 nm tend to be rapidly cleared from the body through the kidneys,
whereas large nanoparticles are easily internalized by the reticuloendothelial system (RES)
and accumulate in the liver or spleen. It has been suggested that nanoparticles with an
average size of 50-100 nm exhibit a prolonged circulation time in the blood and
subsequently improved accumulation in tumors through the EPR effect. Therefore, our
Sgc8-NFs-Fc holds great promise for enhanced tumor accumulation and therapeutic efficacy,
given their optimal size distribution and aptamer-mediated targeting delivery.3°36 Because
100 nm nanoparticles could accumulate and penetrate effectively in tumor xenografts by the
enhanced permeation and retention effect,3” Sgc8-NFs-Fc with a 100 nm diameter was
chosen as the drug delivery nanocarrier in this study.

The packed DNA NFs (Sgc8-NFs-Fc) still presented high resistance to nuclease cleavage
like Sgc8-NFs and could be stable in 5 U/mL DNase | for 24 h (Figure S4). STEM-based
EDS mapping analysis revealed that phosphorus and magnesium were uniformly distributed
throughout Sgc8-NFs-Fc, indicating a mixture of phosphorus (DNA, P2072-produced in
RCR, ATP and dNTP remain) and Mg2* (Figure S5). The contents of P, O72~ produced in
RCR and ATP and dNTP remains were not further analyzed because of the lack of
appropriate methods. However, the mass ratio of DNA/Mg2*/Fc in Sgc8-NFs-Fc was
115:4.7:2.3, as determined with a Shimadzu BioSpec-nano microvolume spectrophotometer,
STEM-mapping, and ICP-OES.

Self-Degradation and Drug Release from NFs-Fc.

Figure S6 demonstrates that Sgc8-NFs-Fc (23 1g) could rapidly load 0.131 micromole of
Dox. The Fc could react with H,O5 to produce hydroxyl radicals, which could then cleave
DNA. Cancer cells inside solid tumors are known to constitutively produce a high
intracellular concentration of H,O, (50-100 M), which in turn enhances the neoplastic
behavior by augmenting both the genetic instability of a tumor and its capacity to injure and
penetrate host tissues.38 To confirm whether Sgc8-NFs-Fc can be degraded and promote its
cargo release in the presence of H,O via hydroxyl radicals produced from the Fenton
reaction, we first studied the correlation between the Fenton reaction and Fc content. The
reaction between Fc in Sgc8-NFs-Fc and H,0, was analyzed by recording electron
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paramagnetic resonance (EPR) spectra of 5-diethoxyphosphoryl-5-methyl-1-pyrroline N-
oxide (DEPMPO) and its paramagnetic adduct DEPMPO-OH arising from the reaction of
DEPMPO with*OH produced via the Fenton reaction. As shown in Figure S7, EPR signals
were gradually enhanced by the increased concentration of Sgc8-NFs-Fc. Then the
morphology of Sgc8-NFs-Fc was studied by SEM and TEM in the presence of different
concentrations of H,O,, which was typically found in cancer cells. As shown in Figure 1a
and Figure S8, no apparent change in the morphology of Sgc8-NFs was observed, either
with or without H,0, treatment. However, Sgc8-NFs-Fc lost its condensed ball-like
morphology and was cut into pieces after treatment with H,O, (Figure 1c,j and Figure S9).
The damage to the Sgc8-NFs-Fc structure caused by H,O, was also confirmed by the
smeared band that appeared when analyzed by agarose gel electrophoresis (Figure S10).
These results clearly demonstrate that Sgc8-NFs-Fc can achieve self- degradation in the
presence of H,O, via hydroxyl radicals produced from the Fenton reaction.

To study whether the self-degradation of Sgc8-NFs-Fc could facilitate drug release, the
release of Dox from Sgc8-NFs-Fc in the presence of different concentrations of H,O, was
systematically investigated. As shown in Figure S11, compared to Sgc8-NFs, Sgc8-NFs-Fc
with dense structures exhibited less Dox leakage in the absence of H,O, but more efficient
Dox release in the presence of H,O», resulting in an increase in the Dox fluorescence signal
in the supernatant. The cargo release of Sgc8-NFs-Fc/Dox in plasma in the presence vs
absence of H,O, was also investigated. As shown in Figure S12, only 18.4% of Dox was
released from Sgc8-NFs-Fc/Dox after 24 h of incubation, in sharp contrast to the H,O»- or
ultrasound-treated groups which respectively showed 59% and almost complete release of
Dox from Sgc8-NFs-Fc/Dox. The results demonstrated that Sgc8-NFs-Fc/Dox had good
physiological stability, and its cargo release was HoO»-dependent. Therefore, taken together,
it can be expected that Sgc8-NFs-Fc/Dox could be stable in the circulation system and
effectively release its cargo in cancer cells based on a high H,O, concentration.

Selective Recognition and Internalization of Sgc8- NFs-Fc/Dox.

To demonstrate whether aptamer sgc8 in condensed Sgc8-NFs-Fc could retain its ability to
recognize target protein tyrosine kinase 7 (PTK7), Ctr-NFs-Fc was prepared using a control
DNA template in which a nonaptamer control DNA was substituted for the aptamer-
encoding sequences in the Ctr-template. The binding abilities of Sgc8- NFs-Fc/Dox and Ctr-
NFs-Fc/Dox to PTK7-positive (PTK7+) MCF-7 cancer cells, which overexpress PTK7, and
PRKT7- negative (PTK7-) Ramos cells, which lack PTK7, were studied. PTK7+ MCF-7
presented a 13-fold-higher fluorescence signal over that of PTK7-negative Ramos cells after
incubation with Sgc8-NFs-Fc/Dox by flow cytometric analysis. However, after incubation
with Ctr-NFs-Fc/Dox, MCF-7 cells and Ramos cells presented similar fluorescence signal
(Figure 2a,b and Figure S13). The targeting ability of Sgc8-NFs-Fc/Dox was further
validated by PTK7+ HCT-116 cells. CLSM analysis also proved that Sgc8-NFs-Fc/Dox
could more efficiently recognize and enter MCF-7 cells (Figure 2c,d). These results clearly
demonstrate that the incorporation of Sgc8 in Sgc8- NFs-Fc does not compromise its
recognition ability and that aptamer Sgc8 can mediate the recognition and accumulation of
nanocarriers in target cancer cells.
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Intracellular Drug Release and Location in Cancer Cells.

To confirm that internalized Sgc8-NFs-Fc could increase intracellular ROS via the Fenton
reaction, the intracellular active oxygen level was studied with an oxidative stress sensing
probe, 2,7’ -dichlorofluorescin diacetate (DCFH-DA), after MCF-7 cells were incubated
with Sgc8- NFs-Fc and Sgc8-NFssy,, which were prepared by rolling circle replication for 3
h. As shown in Figure S14, MCF-7 cells treated with Sgc8-NFs-Fc presented brighter
fluorescence signals than did MCF-7 cells and MCF-7 cells treated with Sgc8-NFsgp,. The
results suggested that internalized Sgc8-NFs-Fc could catalyze the conversion of
intracellular H,O5 to hydroxyl radicals, which were expected to degrade the nanocarrier and
promote cargo release. Therefore, the cargo release of Sgc8-NFs-Fc/Dox in MCF-7 cells
was further investigated and compared to that of Sgc8-NFss/Dox, which was prepared
according to a previous report (Figure S15).33 Sgc8-NFssp, stands for the smallest
nanoparticles without Fc- DNA bases obtained after RCR for 3 h. Dox delivered by Sgc8-
NFs-Fc could rapidly accumulate in the cellular nucleus within 30 min of incubation (Figure
S16). However, Dox delivered by Sgc8-NFs3n had no obvious accumulation in the nucleus,
even after 1 h of incubation. In addition, the rapid nuclear accumulation of Dox delivered by
Sgc8-NFs-Fc was not observed in the noncancerous HEK293 cell line (Figure S17), a result
that could be ascribed to the low concentration of intracellular H,0,3° These results support
our hypothesis that an Fc-based nanocarrier can interact with H,O» in cancer cells, produce
hydroxyl radicals, and consequently degrade the DNA nanocarrier for an efficient release of
payload.

To further prove this hypothesis, the concentration of intracellular H,O, was mediated by
pretreating MCF-7 cells with H,0, stimulant phorbol-12-myristate-13-acetate (PMA)*0 or
H,0, scavenger A-acetyl-L-cysteine (NAC).4! As shown in Figure 3, MCF-7 cells pretreated
with PMA obviously had a stronger fluorescence signal in the nucleus and a weaker
fluorescence signal in the cytoplasm when compared to those of native MCF-7 cells after
incubation with Sgc8-NFs- Fc/Dox. However, MCF-7 cells treated with NAC obviously had
an increased cytoplasmic fluorescence signal and a decreased nuclear fluorescence signal
compared to those of MCF-7 cells. In addition, the distribution of Dox in the cytoplasm and
nucleus caused no obvious changes in MCF-7 cells treated with PMA or NAC compared to
MCEF-7 cells after incubation with Sgc8-NFs3gn/Dox. These results clearly indicate that H,O,
stimulant PMA enhances the release of Dox from the nanocarrier, whereas H,O, scavenger
NAC inhibits its release. Meanwhile, MCF-7 cells were pretreated with H,O,, followed by
incubation with Sgc8-NFs-Fc/Dox or Sgc8-NFsgp/Dox. Among these, MCF-7 cells
incubated with Sgc8-NFs-Fc/ Dox, instead of MCF-7 cells incubated with Sgc8-NFs3/Dox,
had a decreased cytoplasmic distribution and an increased nuclear distribution of Dox
(Figure S18). These results strongly prove that Fenton’s reaction between Fc and
intracellular H,O, facilitates the release of Dox from Sgc8-NFs-Fc/Dox and the
accumulation of Dox in the nucleus.

Therapeutic Efficacy in Vitro.

The cytotoxicity of Sgc8-NFs-Fc/Dox in MCF-7 cells and Ramos cells was evaluated and
compared with that of Sgc8-NFs-Fc, free Dox, Sgc8-NFsz/Dox, and Ctr-NFs-Fc/Dox.
Sgc8-NFs-cholesterol (Sge8-NFs-Chol), which was prepared by the replacement of Fc-DNA
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with cholesterol-labeled DNA, and Sgc8-NFs-Chol/ Dox were also used as controls
(Figure S19). As shown in Figure 4a, Sgc8-NFs-Fc/Dox exhibited stronger cytotoxicity to
PTK7+ MCEF-7 cells than did nanocarrier Sgc8-NFs-Fc and four other drug formulations
(free Dox, Sgc8-NFsgp/Dox, Sgc8-NFs-Chol/Dox, and Ctr-NFs-Fc/Dox). These results were
identical to those confirmed for PTK7+ HCT-116 cells (Figure S20). However, Sgc8-NFs-
Fc/Dox exhibited cytotoxicity on PTK7-Ramos cells similar to that of Ctr-NFs-Fc/Dox, but
with less cytotoxicity than for free Dox (Figure 4b). The cytotoxic differences in MCF-7
cells and Ramos cells between Sgc8-NFs-Fc/Dox and free Dox might arise from their
different cellular uptake in cells (Figure S21): Sgc8-NFs-Fc/ Dox increased the
accumulation of Dox in MCF-7 cells but decreased the accumulation of Dox in Ramos cells.
This line of evidence suggests that Sgc8-NFs-Fc/Dox not only enhances the cytotoxicity of
Dox on target cancer cells but also decreases the cytotoxicity of Dox on nontarget cancer
cells. The enhanced performance of nanodrugs could be ascribed to the specific targeting of
cancer cells and efficient drug release.

Antitumor Activity of Sgc8-NFs-Fc/Dox Nanoparticles in Vivo.

As one of the most important factors that determined the biodistribution and target activity
of Sgc8-NFs-Fc in in vivo experiences, the plasma stability of Sgc8-NFs-Fc was first
studied. As shown in Figure S12 and Figure S22, Sgc8-NFs-Fc/ Dox remained relatively
stable in plasma within 24 h, demonstrating its potential for in vivo studies. To test the in
vivo tumor-targeting ability of nanocarrier Sgc8-NFs-Fc, mice bearing PTK7+ HCT-116
tumors were imaged after intravenous injections of Sgc8-NFs-Fc/TMPYP4, Ctr-NFs-Fc/
TMPYP4, or free TMPYP4, respectively. As shown in Figure S23, TMPYP4 was used as a
low toxicity dye because it could be excited and detected by the IVIS Lumina Il Imaging
System. Figure S24 shows that the active targeting of PTK7 by Sgc8-NFs-Fc/TMPYP4
could clearly cause fluorescence signals in tumors 5 min and even 3 h postinjection.
However, only marginally fluorescent signals in tumors were observed after the injection of
TMPYP4 or Ctr-NFs-Fc/TMPYP4. The fluorescence imaging of the excised tumors and
other main organs, including the heart, liver, kidneys, spleen, lungs, and intestines, also
proved that Sgc8-NFs-Fc/TMPYP4 caused a greater payload accumulation in tumors but
decreased accumulation in the liver, kidneys, and spleen when compared to Ctr-NFs-Fc
(Figure S25). These results demonstrate that Sgc8-NFs-Fc has specific cancer-targeting
ability. The nanocarriers could be quickly removed from the body and hence cause only
negligible side effects (Figure S26).

We further evaluated the antitumor activity of Sgc8-NFs-Fc¢/ Dox in an HCT-116 s.c. mouse
xenograft tumor model. When tumor nodules grew to 60-70 mm3, the mice were divided
into seven groups for comparative efficacy studies in which the following regimens were
administered by intratumoral injections every other day: D-PBS only (i), free Dox (ii), Sgc8-
NFs-Fc (iii), Sgc8-NFszh/Dox (iv), Sgc8-NFs-Chol/Dox (v), Ctr-NFs-Fc/Dox (vi), and
Sgc8-NFs-Fc/Dox (vii). The Dox dosage was 0.5 mg/kg in groups ii and iv-vii for the first
week and 1 mg/kg for the last 2 weeks. The tumor size was monitored and photographed
every day after injection. As shown in Figure 4c and Figures S27 and S28, the tumor treated
with only D-PBS or Sgc8-NFs-Fc sharply increased and reached ~1600 mm3 or ~1400 mm3
in size after a 21-day treatment, respectively. The results indicate that these nanocarriers had
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only a marginal anticancer effect. When treated with five other Dox formulations (free Dox,
Sgc8-NFsgp/Dox, Sge8-NFs-Chol/Dox, Ctr-NFs-Fc/Dox, and Sgc8-NFs-Fc/Dox), the tumor
in each group presented slower growth than tumors treated with D-PBS and Sgc8-NFs-Fc.
Among these Dox formulations, Sgc8-NFs-Fc/Dox had better antitumor efficacy than either
nontargeting Dox formulations (free Dox and Ctr-NFs-Fc/Dox) or PTK7-targeting Dox
formulations (Sgc8-NFs3n/Dox and Sgc8-NFs-Chol/Dox) when tested on tumor volumes of
~500 mm3 during a 21-day treatment. H&E staining of tumor slices also proved that Sgc8-
NFs-Fc/Dox had excellent antitumor capability compared to that of other Dox formulations.
Moreover, no significant drop in body weight and no obvious damage to major organs were
observed in mice treated with Sgc8-NFs-Fc/Dox (Figure 4d and Figure S29). The in vivo
results demonstrate that Sgc8-NFs-Fc has cancer-targeting ability and can improve the
therapeutic efficacy of its cargo.

BCONCLUSIONS

A size-controllable and bioinspired self-degradable, cancer-targeting DNA NFs-based Sgc8-
NFs-Fc nanocarrier has been developed to improve the bioavailability and therapeutic
efficacy of small-molecule drugs. Sgc8-NFs-Fc was prepared by incorporating Fc-DNA with
DNA NFs via hybridization. The size of Sgc8-NFs-Fc could be easily controlled by
changing the amount of hydrophobic Fc-base-containing Fc DNA. As-prepared Sgc8-NFs-
Fc had a high drug-loading capability for Dox and could specifically recognize and
accumulate in PTK7+ cancer cells. Furthermore, Sgc8-NFs-Fc could self-degrade via
Fenton’s reaction in cancer cells. The self-degradation of the nanocarrier could promote
drug release, resulting in more nuclear accumulation and cytotoxicity of Dox. In vivo
experiments also demonstrated that Sgc8-NFs-Fc could efficiently deliver its cargo to tumors
and reduce the nonspecific distribution of cargo in normal organs while improving the
therapeutic efficacy of Dox. On the basis of the high concentration of H,0,, a hallmark of
cancer cells, our study is believed to provide a facile strategy for the rational design of
smarter nanocarriers to overcome the challenges of low bioavailability and therapeutic
efficacy in cancer therapy.

B EXPERIMENTAL SECTION

Materials and Reagents.

All oligonucleotide sequences, except for ferrocene DNA, were purchased from Sangong
Biotech Inc. (Shanghai, China) and purified by HPLC. A Cell Titer 96 AQueous One
Solution Cell Proliferation Assay (MTS) was purchased from Promega Corporation.
Hoechst 33342, Phorbol-12-myristate-13-acetate (PMA), and N-acetylcysteine (NAC) were
purchased from Beyotime Institute of Biotechnology (Shanghai, China). Doxorubicin (Dox)
was purchased from Sangon (Shanghai, China). 2”,7’-Dichlorofluorescin diacetate (DCFH-
DA) was purchased from Sigma-Aldrich (Taufkirchen, Germany). All other reagents were
analytical grade and used without further purification. The ultrapure water used was from a
Milli-Q Integral System.

All reagents were used as received from commercial sources or prepared as described in
references. Anhydrous solvents pyridine, CH3CN, CH,Cl,, and DMF were distilled under a
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nitrogen atmosphere and stored with 4 A molecular sieves.H spectra were recorded on a
Bruker AM300 spectrometer.13C NMR spectra were recorded on a Bruker AM400
spectrometer. Chemical shifts (6) are reported in ppm, and coupling constants (J) are in
Hertz (Hz). The following abbreviations were used to explain the multiplicities: s = singlet,
d = doublet, t = triplet, g = quartet, m = multiplet, and br = broad.

Synthesis of Ferrocene Base. Synthesis of Compound 2.—Ferrocene carboxylic
acid 1 (1 g, 4.34 mmol) was coupled with S-aminopropanediol (0.39 g, 4.34 mmol) in the
presence of diisopropylethylamine (0.84 g, 6.51 mmol) and 2-(1+-benzotriazol-1-
yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU, 1.64 g, 4.34 mmol) in dry
DMF. After the reaction mixture was stirred at room temperature for 3 h, the solvent was
removed, and the crude residue was purified with silica gel column chromatography
(dichloromethane/methanol = 95:5, R = 0.3) to offer the desired product, 2, in 95% vyield.

Synthesis of Compound 3.—Compound 2 (1 g, 3.30 mmol) was dissolved in dry
pyridine in an ice bath under nitrogen. Then 4,4’ - dimethoxytrityl chloride (1.34 g, 3.96
mmol) in CH,CI, was added to the above mixture. After 30 min of vigorous stirring, the
reaction mixture became transparent. Then the ice bath was removed, and the reaction
mixture was further stirred at room temperature. After 12 h, the solvent was removed by
evaporation, and the obtained solid was subjected to silica gel column chromatography
(AcOEt/hexane/Et3N = 35:65:1, R¢ = 0.5) to offer the desired product, 3, in 60% yield.

Synthesis of Compound 4.—To a solution of compound 3 (1 g, 1.65 mmol) in
anhydrous DCM (15 mL) was added diisopropyl-ethylamine (0.43 g, 3.30 mmol), followed
by chlorophosphoramidite (0.47 g, 1.98 mmol) at 0 °C. The mixture was allowed to warm to
RT and stirred for 1 h. Then the reaction mixture was diluted with 5 mL of DCM and
washed with saturated NaHCO3 solution and saturated saline solution. The organic phase
was dried over Na,SO4 and then concentrated in vacuo. The residue was subjected to silica
gel column chromatography (AcOEt/hexane/EtsN = 20:80:1, Rs= 0.5) to offer the desired
product, 4, as a yellow foam in 75% yield (mixture of diastereoisomers).

Ferrocene DNA Synthesis.—Using the corresponding controlled pore glass (CPG), the
ferrocene DNA strand used in this work was synthesized on the Polygen 12-column
DNA/RNA solid synthesizer on a 1.0 M scale. As-synthesized ferrocene phosphoramidite
monomer was dissolved in anhydrous dichloromethane to 0.1 M concentration and coupled
on the synthesizer after 300 s of coupling time. After synthesis, the obtained
oligonucleotides were cleaved and deprotected from the CPG, followed by precipitation in
cold ethanol solution at —20 °C overnight. After centrifugation to remove the supernatant
solution, the DNA products were dissolved with 0.1 M TEAA and purified by reverse-phase
HPLC using a BioBasic4 column. Finally, the 4,4"-dimethytrityl group was removed from
DNA by adding an 80% acetic acid aqueous solution, and the DNA was again precipitated in
cold ethanol. After drying in vacuum and undergoing desalting, the synthesized
oligonucleotides were quantified by measuring their absorbance at 260 nm.

Cell Culture and Buffers.—The MCF-7 and HEK293 cell lines were cultured in DMEM
medium (Gibco). The HCT-116 and Ramos cell lines were cultured in RPMI 1640 medium
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(Gibco). All types of media were supplemented with 10% FBS (Gibco) and 1% antibiotic
(Gibco). Cells were cultured at 37 °C in a humid atmosphere with 5% CO,. Dulbecco’s
phosphate-buffered saline without Ca2* and Mg2* (D-PBS, Gibco) was used to wash cells.
The number of cells was determined by a hemocytometer prior to each experiment.

Washing buffer was prepared with D-PBS supplemented with 4.5 g/L glucose and 5 mM
MgCl,. Binding buffer was prepared with washing buffer supplemented with 0.1 mg/mL
yeast tRNA (Sigma-Aldrich) and 1 mg/mL BSA (Fisher Scientific). Tris-HCI used in this
study was 50 mM Tris-HCI containing 10 mM MgCl, (pH 7.9).

General Characterization.—Dynamic light scattering (DLS) and the zeta potential were
measured on a Malvern Zetasizer Nano ZS90 (Malvern Instruments, Ltd., Worcestershire,
U.K.). Transmission electron microscopy (TEM) was carried out on an H-7000 NAR
transmission electron microscope (Hitachi) with a working voltage of 100 kV. Scanning
electron microscope (SEM) analysis was performed on an S-4800 scanning electron
microscope (Hitachi, Japan). Fluorescence was observed using a Fluoromax-4
spectrofluorometer (Horiba, JobinYvon, Edison, NJ).

Self-Assembly of DNA Nanoflowers Using RCR.—DNA nanoflowers were prepared
according to our previous reports.1> A phosphorylated linear template (0.6 zM) and a primer
(1.2 1) were mixed in DNA ligation buffer (50 mM Tris-HCI, 1 mM MgCl,, 0.1 mM ATP,
and 1 mM dithiothreitol) and annealed at 95 °C for 5 min, followed by gradual cooling to
room temperature over 1 h. The annealed product was incubated with £. co/i DNA ligase (10
U/l ; Takara Bio, Dalian, China) at 16 °C for 4 h. For RCR, the circularized template (0.3
UM, unless otherwise denoted) was incubated with @29 DNA polymerase (2 U/uL), dNTP
(2 mM), and BSA (1x) in buffer solution (50 mM Tris-HCI, 10 mM (NH4)2SO4, 10 mM
MgCl,, and 4 mM dithiothreitol) (New England Biolabs, Ipswich, MA) at 30 °C. Sgc8-
NFs3p and Sge8-NFs were formed after RCR reaction for 3 and 24 h, respectively. The RCR
reaction was terminated by holding at 75 °C for 10 min. The DNA nanoflowers were then
washed with doubly distilled H,O, precipitated by centrifugation, and stored at 4 °C for
future use. The as-prepared product was analyzed by agarose gel electrophoresis. The DNA
concentration was quantified using the Shimadzu BioSpec-nano microvolume
spectrophotometer (Kyoto, Japan).

Preparation of Sgc8-NFs-Ferrocene (Sgc8-NFs-Fc).—Sgc8-NFs-Fc was prepared
by adding Fc-labeled DNA to 5 zi of Sgc8-NFs (5.5 1g) (Table S1). The mixture was held
to 95 °C for 5 min to denature Sgc8-NFs and then slowly cooled to 4 °C for 2 h, yielding
Sgc8-NFs-Fc. The size of the Sgc8-NFs-Fc could be accurately controlled according to the
concentration of Fc-DNA. Accordingly, 100 nm Sgc8-NFs-Fc prepared by adding 5 4L of
Fc-DNA to 5 zA of Sgc8-NFs was chosen for subsequent experiments. The as-prepared
product was analyzed by agarose gel electrophoresis.

Preparation of Sgc8-NFs-cholesterol (Sgc8-NFs-Chol).—Sgc8-NFs-Chol was
prepared by adding 5 gL of Tris-HCI buffer and 10 gL of Chol-labeled DNA dissolved in
Tris-HCI buffer (370 tM) to 5 4L of Sgc8-NFs (5.5 1g). The mixture was held at 95 °C for 5
min to denature Sgc8-NFs and then slowly cooled to 4 °C for 2 h, yielding Sgc8-NFs-Chol.
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Encapsulation of Dox in Sgc8-NFs-Fc.—To encapsulate Dox, 20 L of Sgc8-NFs-Fc
(23 1) was mixed with Dox (1 mM) in D-PBS to a final volume of 200 zL. After incubation
at room temperature for 24 h, Sgc8-NFs-Fc were pelleted at 10 000 rpm for 15 min, and free
Dox in the supernatant was isolated and quantified by measuring the Dox fluorescence (Ex:
490 nm; Em: 590 nm). The amount of Dox loaded into Sgc8-NFs-Fc was calculated by
subtracting the amount of Dox in the supernatant from the total amount of Dox. The
precipitate (Sgc8- NFs-Fc/Dox) was then dispersed in D-PBS or Tris-HCI (200 zL). Sgc8-
NFs/Dox was prepared with the same procedure.

Electron Paramagnetic Resonance (EPR) Measurements.—5-
Diethoxyphosphoryl-5-methyl-1-pyrroline N-oxide (DEPMPQ) was used as a trap for"OH
radicals. The*OH radicals were produced by Sgc8-NFs-Fc in the presence of H,0, via the
Fenton reaction. For EPR measurements, different concentrations of Sgc8-NFs-Fc solution
were added to 15 gL of Tris-HCI solution containing EDTA (0.2 mM), DEPMPO (40 mM),
and H,05 (50 1M), and the EPR spectra were recorded.

Stability of Sgc8-NFs-Fc in the Presence of Different Concen- trations of H,O».
—To study the stability of Sgc8-NFs-Fc, Sgc8-NFs-Fc in 200 i of Tris-HCI was mixed
with different concentrations of H,O5 (0, 10, 30, 50, and 100 x#M). After incubation for 3 h
at 25 °C, the samples was characterized by TEM and SEM.

Dox Release from Sgc8-NFs-Fc/Dox in the Presence of H,O,.—H»05-responsive
Dox release from Sgc8-NFs-Fc/Dox was analyzed according to a previous report3? with
minor modification. Briefly, Sgc8-NFs-Fc/Dox in 200 4L of Tris-HCI was mixed with
different concentrations of H,O (0, 1, 5, 10, 20, 30, and 40 x#M). After incubation for 3 h at
25 °C, the fluorescence intensity of samples was measured with a Fluoromax-4
spectrofluorometer (Ex: 490 nm; Em: 590 nm). For the drug release kinetics study, both
Sgc8-NFs-Fc/Dox and Sgc8-NFs/Dox were treated with 0 and 50 ¢M H,0, for 3 h. During
the incubation, 2 4L of aliquots were taken out at the indicated times for fluorescence
measurements. Data points for each sample were fit by nonlinear regression using Origin 8
software (Northampton, MA). In the Dox release profile, the data set is normalized with the
fluorescence signal of Dox successively released from Sgc8-NFs-Fc treated with 50 1M
H»0, as 100%. Other curves are drawn to scale.

Flow Cytometric Analysis.—A total of 2 x 10° cells (MCF-7 or Ramos cells) were
washed with washing buffer via centrifugation at 1000 rpm and then incubated with Sgc8-
NFs-Fc/Dox or Ctr-NFs-Fc/ Dox in 200 gL of binding buffer at 4 °C for 1 h of binding
assay. After washing twice with washing buffer (4 °C), the samples were collected and then
resuspended in binding buffer for flow cytometry analyses and confocal microscopy
measurements. Flow cytometry was performed with a BD FACS Verse system. Data were
analyzed with Flow Jo software (Tree Star, Inc., Ashland, OR).

Confocal Laser-Scanning Microscopy Imaging (CLSM).—For adhesive MCF-7
cells or HEK 293 cells without pretreatment, 1 x 10° cells were seeded in confocal dishes
and cultured for 24 h, followed by incubation with Sgc8-NFs-Fc/Dox and Sgc8-NFs3,/Dox
(10 1M equivalent Dox) for a prescribed time. For MCF-7 cells treated with PMA, NAC, or
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H, Oy, 1 x 10 cells were seeded in confocal dishes, cultured for 24 h, and then pretreated
with these chemical reagents for a specified time before incubation with Dox- loaded
nanocarriers, respectively. For suspended cells, 2 x 10° Ramos cells were incubated with
Dox-loaded nanocarriers for a certain time, followed by the removal of the nanocarriers and
washing with D-PBS. Cells were imaged with an FVV1000-X81 confocal microscope
(Olympus, Japan) after washing twice with washing buffer.

CLSM Imaging of the Fenton Reaction in Cells.—MCF-7 cells (1 x10°) were seeded
in confocal dishes and cultured for 24 h, followed by incubation with Sgc8-NFs-Fc and
Sgc8-NFssy (5 1) for 3 h. After washing twice with washing buffer, the cells were
incubated with 5 M DCFH-DA for 30 min. Thereafter, the cells were washed with 4 °C
PBS twice and stained with Hoechst 33342 (1 g/mL) for 10 min. After washing with 4 °C
PBS twice, the cells were immediately observed via CLSM.

In Vitro Cytotoxicity Assay.—MCF-7 cells were seeded in a 96-well plate at a density of
1 x 104 cells per well. After 24 h of culture, cells were treated with Sgc8-NFszp/Dox, Sgc8-
NFs-Fc/Dox, Ctr-NFs-Fc/Dox, Sgc8-NFs-Chol/Dox, free Dox, and Sgc8-NFs-Fc for 3 h,
respectively. The supernatant was then removed, and fresh medium was added to the cells.
After another 24 h of incubation, the medium was removed, and the cells were treated with
100 gL of medium and 20 L of MTS for 1 to 2 h. Finally, the absorbance of the solution at
490 nm was recorded with a Synergy 2 Multi-Mode Microplate Reader (Bio-Tek, Winooski,
VT). The results were repeated in triplicate, and the error bars represent the standard
derivations.

Cellular Uptake Studies.—MCF-7 cells (1 x10°) or Ramos cells (2 x 10°) were seeded
in confocal dishes and cultured for 24 h, followed by incubation with free Dox and Sgc8-
NFs-Fc/Dox (5 4M equivalent Dox) for 3 h. The cells were then washed with PBS twice and
stained with Hoechst 33342 (1 pg/mL) for 10 min. After washing with PBS twice, the cells
were immediately observed on CLSM.

Stability of Sgc8-NFs-Fc/Dox in the Plasma.—Mouse plasma was collected with
sodium heparin and stored at =70 = 10 °C until use. The size of Sgc8-NFs-Fc/Dox (200 M
equivalent Dox) in the plasma-containing (10%) D-PBS buffer was determined by DLS at
specific times (0, 1, 2, 4, 8, 12, and 24 h). The results were analyzed using Origin 8
software. Furthermore, the stability of Sgc8-NFs-Fc/ Dox in the medium and plasma was
studied by monitoring the release of Dox for 24 h. Sgc8-NFs-Fc/Dox was smashed by
ultrasonic cell disruptor SCIENTZ-950E (200 W) for 1 min.

Animal Model.—The HCT-116 xenograft model42 was established using BALB/c nude
mice at 4 to 6 weeks of age. Female Balb/c mice (~20 g) were obtained from Hunan SJA
Laboratory Animal Co., Ltd. and managed under protocols approved by the Hunan
University Laboratory Animal Center. HCT-116 cells (107) in 100 i of D-PBS were
injected into the right flank of mice. Tumors were allowed to grow to 60-70 mm3 before
treatment.
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In Vivo Fluorescence Imaging.—Tumor-bearing BALB/c nude mice were anesthetized
with anesthetic. Once the mice were anesthetized to be motionless, 4.5 nmol of Sgc8-NFs-
Fc/TMPYPA4 or Ctr-NFs-Fc/ TMPYP4 was injected intravenously and percutaneously via
the tail vein and percutaneous injection. At 0, 5, 30, 60, and 180 min, fluorescence images of
live mice were collected with an IVIS Lumina Il in vivo imaging system (Caliper Life
Science, USA). After in vivo imaging, mice were sacrificed, and the major organs, including
the tumor, liver, heart, lung, spleen, kidneys, and intestines, were dissected and imaged.

To investigate the retention time of nanocarriers in tumors, Sgc8- NFs-Fc/TMPYP4 was
directly injected into tumors, and then the tumor retention time was characterized by
imaging at indicated time intervals.

In Vivo Treatment.—When the tumor size reached ~60 mms3, 25 /L of drug was
intratumorally injected into the tumor-bearing mice. HCT-116 tumor-bearing mice were
divided into seven groups of four animals per group to quantify the growth rate of tumors
after the following treatments: (i) D-PBS only, (ii) free Dox, (iii) Sgc8-NFs-Fc, (iv) Sgc8-
NFs3n/Dox, (V) Sgc8-NFs-Chol/Dox, (vi) Ctr-NFs-Fc/ Dox, and (vii) Sgc8-NFs-Fc/Dox.
The Dox dosage was 0.5 mg/kg in groups ii and iv-vi for the first week and 1 mg/kg for the
last 2 weeks, as has been reported for use in this mouse strain.43 The Sgc8-NFs-Fc dosage
was kept the same as that of group vii. The tumor size and body weight were monitored
every day. The size of the tumors was measured with calipers every day after treatment.

The mass and size of each mouse were monitored daily for 3 weeks after treatment and
compared with those of the control mice (D-PBS- injected). The size of tumors was
measured with calipers. The volume of the tumor (/) was calculated to be V= AB%/2,
where A and B are the longer and shorter diameters (mm) of the tumor, respectively. The
relative volume of the tumors was evaluated by normalizing the measured values to their
initial sizes. Statistical analysis for all in vivo experiments was carried out with one-way
ANOVA (SPSS). All statistical tests were two-sided, and Pvalues of <0.05 were considered
to be significant (Figure 4c and Figure S30). The sections of kidney, liver, spleen and tumor
tissues collected from the mice 3 weeks after injection were then embedded in a protective
tissue-freezing medium (Tissue Tek OCT compound, Sakura Finetek, Inc., CA, USA) and
frozen at —80 °C. The samples were sectioned into slides of 8 um thickness and stained with
hematoxylin and eosin (H&E) for analysis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
SEM images of Sgc8-NFs-Fc with different sizes. (2) 1000 nm Sgc8-NFs, (b) 200 nm Sgc8-

NFs-Fc, (¢) 100 nm Sgc8-NFs-Fc, and (d) 50 nm Sgc8-NFs-Fc. TEM images of Sgc8-NFs-
Fc with different sizes. (f) 2000 nm Sgc8-NFs, (g) 200 nm Sgc8-NFs-Fc, (h) 100 nm Sgc8-
NFs-Fc, and (i) 50 nm Sgc8-NFs-Fc. (e) Hydrodynamic sizes of Sgc8-NFs-Fc with different
sizes. (j) SEM images of Sgc8- NFs-Fc treated with H,Oo.
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Flow cytometry analysis and CLSM analysis of the targeting ability of Sgc8-NFs-Fc/Dox in
PTK7- Ramos cells (a and ¢) and PTK7+ MCF-7 cells (b and d).
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Figure 3.
Distribution of Dox in MCF-7 cells pretreated with H,O5 stimulant PMA or H,O, scavenger

NAC compared to that of native MCF-7 cells after incubation with (a) Sgc8-NFs-Fc/Dox
and (b) Sgc8-NFsz/Dox. The pretreatment time of PMA or NAC was 1 h. (c) The bars
represented the relative fluorescence intensity in the cytoplasm of cancer cells in a and b. (d)
The bars represent the relative fluorescence intensity in nuclei of cancer cells inaand b.
Bars represent the mean £ SD (n= 3).
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Figure 4.
In vitro cytotoxicity of Sgc8-NFs-Fc/Dox and other Dox formulations in MCF-7 cells (a)

and Ramos cells (b). In vivo therapeutic efficacy analysis of Sgc8-NFs-Fc/Dox and other
Dox formulations on mice bearing HCT-116 tumors: (c) tumor growth curves of different
mouse groups during the 21-day treatment. Each point represents the mean + SD. Mice were
euthanized when the tumors reached ~1600 mm?3 (7= 4 for each group). Black arrows in
panel ¢ mark treatment. (d) Representative H&E staining of tumors and normal organs
collected from different groups of mice 21 days post-treatment. (i) D-PBS only, (ii) free
Dox, (iii) Sgc8-NFs-Fc, (iv) Sgc8-NFs-Chol/Dox, (v) Sgc8-NFsgy/Dox, (vi) Ctr-NFs-Fc/
Dox, and (vii) Sgc8-NFs-Fc/Dox. Each point represents the mean + SD. Mice were
euthanized when tumors reached ~1600 mm3 (/7= 4 for each group). The scale bar
represents 100 um.
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Scheme 1.

Cartoon Illustration of the Preparation of the Sgc8-NFs-Fc Nanocarrier and Its Self-
Degradation via Fenton’s Reaction in Cancer Cells
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Scheme 2.
() (S)-3-Amino-1,2-propanediol, HBTU, DIPEA, and DMF, (b) 4,4”-Dimethoxytrityl
Chloride and Pyridine, and (c) Chlorophosphoramidite and DCM
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