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Rolling circle amplification (RCA) and rolling circle transcription (RCT) can be used to fabricate various
structures and organize functional materials for biological applications. The full understanding of the
interactions between RCA/RCT-derived structures and live cells is urgently demanded. Here, we present
a label-free fluorescent strategy to study the intracellular location and stability of RCA-based DNA
flowers in live cells. The DNA flower structures are co-assembled with carbazole-based biscyanine
fluorophores, which are DNA detecting molecules and characterized by restriction of intramolecular
rotation (RIR) induced strong fluorescent emission. When biscyanine molecules are encapsulated in the
DNA flowers via electrostatic attraction, these confined RIR dyes can produce strong luminescent

Received 8th March 2019 emission. Using this advantage, we use the RIR enhanced technique for direct visualization of the
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distribution and degradation of DNA flowers in live cellular systems. Our current research could be

DOI 10.1039/c9ra01769k adapted to other advanced DNA-based materials, providing a new strategy to fabricate fluorescent DNA
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1 Introduction

Rolling circle amplification (RCA) and rolling circle tran-
scription (RCT) can be used to form long single-stranded
DNA or RNA products by using a circular DNA template,
a short DNA or RNA primer and special DNA or RNA poly-
merases. Recently, these isothermal enzymatic processes
have emerged as programmable methods to fabricate various
DNA' or RNA” nanostructures.

Generating a composite nucleic acid/magnesium pyro-
phosphate flower-like structure and organizing functional
materials, RCA or RCT-derived constructs have been fabri-
cated for a variety of biological applications, such as bio-
logical assays,® enhanced biocatalytic activity,* multiplexed
cellular imaging® and traceable targeted drug delivery,®
antisense oligonucleotide delivery” and siRNA delivery®® for
cancer therapy, antigen and adjuvant delivery'®** for cancer
immunotherapy. Along with the utility of these flower-like
materials, it is necessary to further investigate the interac-
tions between RCA/RCT-derived structures and live cells.

“Bio-X Institutes, Key Laboratory for the Genetics of Developmental and
Neuropsychiatric Disorders (Ministry of Education), Shanghai Jiao Tong University,
200030 Shanghai, China

*CAS Key Laboratory of Nanosystem and Hierarchical Fabrication, CAS Center for
Excellence in Nanoscience, National Center for NanoScience and Technology, 11
BeiYiTiao, ZhongGuanCun, 100190 Beijing, China. E-mail: dingbg@nanoctr.cn

(ESI) available. See DOI:

T Electronic  supplementary  information

10.1039/c9ra01769k

This journal is © The Royal Society of Chemistry 2019

materials and realize controllable release of payloads.

Fluorescent dyes-labelled DNA strands are commercially
available, which can hybridize the RCA/RCT-derived struc-
tures with fluorescent labels.® Dye-conjugated dUTP/dNTP
can be directly used during the RCA or RCT process and
result in fluorescent flower-like structures directly.>® Despite
the widespread use, these labelling approaches still suffer
from several disadvantages, such as weak emission intensity,
prone to photo-bleaching, tedious conjugation and relatively
high costs. Moreover, the dissociated labelling moieties still
show fluorescent emission, which cannot be directly use to
monitor the degradation process of the RCA/RCT materials
inside the live cells. New approaches that can track dynamic
changes of the RCA/RCT materials in live cells are still
needed.

Recently, a series of dye molecules with the aggregation-
induced emission (AIE) phenomenon were synthesized and
received extensive attention. Different from conventional
fluorophores, AIE dyes are non-emissive or only weak emis-
sive in the mono-molecular condition but show bright fluo-
rescence in the aggregated state.”” The restriction of
intramolecular motions (RIM), included the restriction of
intramolecular rotation (RIR) and the restriction of intra-
molecular vibration (RIV), are considered to play an impor-
tant role to the “turn-on” behaviour of organic AIE dyes.**™**
Several nanoparticles, such as ultrasmall gold nanoclusters,
are reported displaying AIE fluorescence when confined in
a nanogel.'® Particularly, several cyanine fluorophores have
been reported for DNA detection, which show weak emission
when they are molecularly dispersed but can switch to
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strongly luminescent state after binding to DNA helical
structures.”” The significant enhancement of fluorescence of
these carbazole-based biscyanine molecules can be attrib-
uted to the restriction of intramolecular rotation (RIR)
induced by the DNA molecules.” Though electrostatic
attraction, the RIR-dyes can be confined in double-stranded
DNA and produce strong fluorescent emission. Inspired by
these “turn-on” dyes with the unique light-emitting property,
specific light-up probes can be constructed for our RCA/RCT
materials study.

Here, we first report an effective, label-free, nontoxic
approach to directly visualize intracellular location and stability
of RCA-derived flower-like DNA structures by utilizing
carbazole-based biscyanine molecules. These biscyanine mole-
cules were encapsulated by DNA flower via electrostatic attrac-
tion, showing RIR-induced strong fluorescent emission. These
dye-loaded DNA flowers are characterized and further admin-
istrated to live cells to study their intracellular distribution and
stability (Fig. 1).

2 Materials and methods
2.1 Materials

All oligonucleotides (Table S1, ESIt) were purchased from
Sangon Biotech (Shanghai, China). T4 ligase (400 000 U mL %),
BSA (10 mg mL™ "), phi 29 polymerase (10 000 U mL™") and
dNTP (2.5 mM) were purchased from New England Biolabs. Inc
(Beijing, China). Hoechst 33 342 was purchased from Dojindo.
LysoTracker red was purchased from Life Technologies.
Carbazole-based biscyanine was synthesized according to
Feng's protocol.”

Primer Va
PolyT PolyT Hybridization {
— — —_—
Template J
PolyT
/ : Phi29 polymerase,
T4 ligases dNTP, PolyT
J
. y PolyT
1{'/ /N
Rolling Circle
Amplification
— —_—
Free RIR dyes
Incubation

Fig. 1 Schematic representation of RIR-DFs fluorescent probe
system. The linear DNA template was first hybridized with a primer and
then ligated to form a circular template by T4 DNA ligase. Subse-
quently, RCA generated a large amount of elongated non-nicked DNA
with tandem polyA sequences. The polyT strands were hybridized with
these DNA strands for the docking sites of carbazole-based biscyanine
fluorophores at the same time. Then, these RCA products were served
as building blocks to self-assemble monodisperse, densely packed,
and hierarchical DNA flowers (DFs). Finally, DFs were incubated with
free RIR dyes in room temperature to form RIR-DFs.
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2.2 Synthesis of RIR dye (carbazole-based biscyanine)
encapsulated DNA flowers (RIR-DFs)

2.2.1. Purification of DNA template and primer. Template
and primer strands (see detailed sequences in ESIt) were puri-
fied by 10% denature polyacrylamide gel electrophoresis
(PAGE). The concentration of the purified strands was esti-
mated by measuring the UV absorbance at 260 nm using UV-vis
spectrophotometer (Shimadzu, Japan).

2.2.2. Self-assembly of DNA flowers (DFs) using RCA. 5'-
Phosphorylated linear template (0.7 pM) and primer (0.7 pM)
were annealed in 1 x T4 ligase buffer (5 mM Tris-HCl, 1 mM
MgCl,, 0.1 mM ATP, 1 mM dithiothreitol) in a thermocycler
(Bio-rad, China) by slowly cooling from 95 °C to 4 °C. For
circular ssDNA template formation, the annealed product was
incubated with T4 DNA ligase (10 U uL™") at 24 °C for 12 h.
Ligation was terminated by heat inactivation (65 °C, 10 min),
followed by gradually cooling to 4 °C for cyclized ssDNA
template hybridization with primer.

For RCA reaction, the template-primer hybridized complex
(0.3 uM) was incubated with phi29 DNA polymerase (1 U pL ™),
dNTP (0.5 mM), polyT single strand (3.3 pM) and BSA (0.2 pg
uL™Y) in phi29 buffer solution (50 mM Tris-HCl, 10 mM
(NH,4)»SO4, 10 mM MgCl,, 4 mM dithiothreitol). PolyT strand
(3.3 uM) was added to form duplex parts in the RCA products.
RCA reaction was performed at 30 °C for 7 h followed by heat
inactivation at 65 °C for 10 min. After cooling to 4 °C, the DNA
flowers (DFs), were washed twice by double-distilled H,O and
collected by centrifuge at 5000 rpm for 10 min, stored at 4 °C for
future use. The concentration of DFs was quantified by
measuring the absorbance at 260 nm.

2.2.3. Preparation of RIR-DFs. The solutions of carbazole-
based biscyanine (12 pM) and DFs (256.8 ng pL ') were mixed
in 1x PBS buffer thoroughly and incubated for 30 min at room
temperature, and stored at 4 °C for future use.

2.3 Characterization of DFs and RIR-DFs

2.3.1. TEM imaging. 10 pL DFs or RIR-DFs solution (256.8
ng uL~ ") was deposited onto a carbon-coated copper grid for
10 min. TEM imaging was performed by a HT700 (Hitachi
Limited) with an operating voltage of 80 kV.

2.3.2. SEM imaging. 10 pL DFs or RIR-DFs solution (256.8
ng uL ", with or without DNase I treatment) was deposited onto
a cleaned and sputtering silicon wafer for 1 hour, and then the
sample drop was removed by filter paper. SEM imaging was
performed by a SU8200 (Hitachi Limited) with an accelerating
voltage of 5 kV.

2.3.3. Fluorescence spectrum and imaging. 5 uL RIR-DFs
sample (256.8 ng pL ') was deposited onto a cleaned glass
slide, and then the drop was dried in a vacuum drier. Fluores-
cence Imaging was performed by a laser confocal fluorescent
microscopy (Olympus). RIR-DFs (256.8 ng uL~") was incubated
with DNase I (15 U mL™ ") for 40 h at 37 °C. The fluorescence
spectra of unloaded biscyanine molecules, RIR-DFs and DNase I
digested RIR-DFs were detected by fluorescence spectrometry
(Agilent Technologies). All the fluorescence measurements were
carried out at room temperature. Eppendorf tubes with samples

This journal is © The Royal Society of Chemistry 2019
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(free biscyanine molecules, RIR-DFs and DNase I digested RIR-
DFs) were imaged under ultraviolet radiation (~345 nm). All the
images were collected by a camera (Canon, EOS600D).

2.4 Cell culture

RAW264.7 macrophage-like cells were cultured in RPMI 1640
medium supplemented with 10% heat-inactivated FBS, 0.15%
NaHCOy3, penicillin (100 U mL™"), streptomycin (100 mg mL ™),
and r-glutamine (2 mM) at 37 °C in humidified air containing
5% CO,.

2.5 Cell viability assays

RAW264.7 cells were seeded on 96-well plates (5 x 10° cells per
well) and cultured overnight. Cells were incubated with RIR
dyes (0.36 uM) or RIR-DFs (7.7 ng L~ ", containing 0.36 uM RIR
dyes) in 100 pL fresh RPMI 1640 medium per well at 37 °C. After
6 hours incubation, the medium was replaced by 100 pL fresh
1x CCK-8 (Cell Counting Kit-8, Dojindo) solution diluted by
serum-free RPMI 1640 medium. After 1 h incubation, the
absorbance of the plate was measured at 450 nm a microplate
reader (TECAN, InfiniteM200, Switzerland).

2.6 Confocal microscopic imaging

RAW264.7 cells were seeded on confocal dishes (5 x 10> cells
per dish) and cultured overnight. Cells were incubated with RIR-
DFs (7.7 ng uL™ ") in 1 mL fresh RPMI 1640 medium for 6 h at
37 °C. After washing three times with 1x PBS, the treated cells
were incubated with LysoTracker red (Invitrogen, 2 pM) for
20 min and Hoechst 33 342 (Invitrogen, 4 ug mL ™) for 5 min at
37 °C for lysosome and nuclei labelling. All images were ob-
tained using a laser confocal fluorescent microscopy (Olympus,

Japan).

2.7 Intracellular stability of RIR-DFs

RAW264.7 cells were seeded on confocal dishes at a density of 5
x 10> cells per well and cultured overnight. Cells were incu-
bated with RIR-DFs (7.7 ng uL™') in 1 mL fresh RPMI 1640
medium for 6 h at 37 °C. After washing three times with 1x PBS,
the cells were cultured for extra 0, 24, 48, 72 hours to visualize
the intracellular stability of RIR-DFs by a laser confocal fluo-
rescent microscopy.

2.8 Statistical analysis

Confocal images were quantitatively analysed by Image J for
average intracellular fluorescence intensity. Quantitative data
were presented as mean =+ s.d. of three independent experi-
ments. Statistics were performed using Origin Pro 8.5 software.

3 Results and discussion
3.1 Characterization of DFs and RIR-DFs

The fabrication of RIR biscyanine-loaded DNA flower hybrid
structure is schematically illustrated in Fig. 1. Ellipsoid shaped
DNA flowers (DFs) were firstly constructed by RCA approach
according to Tan's method" (see detailed information in the

This journal is © The Royal Society of Chemistry 2019
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section of Materials and methods). During the RCA process,
while the DF containing tandem polyA sequences was being
synthesized, the polyT strands were hybridized with the DFs for
the docking sites of carbazole-based biscyanine fluorophores at
the same time.*® The polyacrylamide gel electrophoresis (PAGE)
results indicated that DNA flower structure was successfully
generated (Fig. S1, ESIf). Transmission electron microscope
(TEM) images showed that the sizes of the ellipsoid shaped DFs
were approximate of 1500 nm x 1000 nm (Fig. S2, ESIT).

After washed by ddH,0O to remove the redundant synthesis
materials, the purified DFs were incubated with the carbazole-
based biscyanine molecules at room temperature for 30 min
to form the self-assembled biscyanine-DNA flower structures via
electrostatic interaction. RIR dye-loaded DNA flower structures
(RIR-DFs) were subsequently analysed by TEM and SEM and the
similar flower-like structures can be clearly visualized (Fig. 2a
and b). Zeta-potential of bare DNA flowers and the RIR-DFs were
measured (Fig. S5, ESIt). The shift of DNA flower particle
surface charge from —30 mV (bare DFs) to —25 mV (RIR-DFs)
were observed, which supported the loading of RIR dyes in
the DF particle was through electrostatic attraction. The
unloaded RIR dyes showed weak fluorescent emission (peak:
600 nm) when dissolved in 1x PBS buffer (Fig. 2c). After
assembled with DFs, a dramatic increase of fluorescence
intensity and blue shift of peak (peak: 547 nm) were observed,
demonstrating the RIR induced strong fluorescent emission of
biscyanine molecules by their DF carriers. Upon titration of
biscyanine (10-25 uM) to the DFs solutions (256.8 ng uL %),
significant enhancement of fluorescence intensity was observed
compared to the unloaded RIR biscyanine (Fig. S4, ESIt). Upon
addition 12 uM of biscyanine to the DFs solution, the fluores-
cence of RIR-DFs reached the maximum, indicating the loaded
RIR dye were saturated to the DF carriers. While higher
concentration of biscyanine may induce slightly aggregation of
RIR-DFs, which decreases the RIR emission. The assembled
RIR-DFs were subsequently analysed by fluorescent microscopy.
This image suggested that the co-assembled RIR-DFs can be

- Free RIR dyes
——RIR-DFs+DNase |
150 ~——RIR-DFs

RIR-DFs
Free RIR DNase | None

Intensity (a.u.)
g

o

500 550 600 650 700 750
Wavelength (nm)

Fig. 2 Characterization of RIR-DFs. (a) TEM images of RIR-DFs. Scale
bar: 500 nm (left), 2 um (right). (b) SEM images of RIR-DFs. Scale bar:
500 nm (left), 2 um (right). (c) Confocal images of RIR-DFs. Scale bar:
10 um (left), 20 um (right). (d) Fluorescence spectrum of RIR-DFs and
those after cleavage by DNase |. The inset picture shows all the
samples under blue light illumination.
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easily visualized by the strong fluorescent emission under the
microscopy (Fig. 2c).

After incubated with DNase I (15 U mL™ ") for 40 h at 37 °C for
DNA molecules degradation, the fluorescence signal of the RIR-
DFs (256.8 ng uL ') was significantly reduced (Fig. 2d). A
gradually decrease of fluorescence intensity of RIR-DFs incu-
bated with DNase I (15 U mL ™) for different time was observed
in Fig. S6 (ESIT). The fluorescence reduction for the assemblies
of RIR-DFs after DNase I treatment was directly observed
(Fig. 2d, the inset pictures). SEM characterization of RIR-DFs
before and after DNase I treatment was also performed
(Fig. S7, ESIf). The results showed that structures of RIR-DFs
were degraded after DNase I treatment (15 U mL ™" for 40 h at
37 °C). The results indicated that the carbazole-based biscya-
nine fluorophores can be utilized as sensitive molecules to label
DNA flower and study its cellular trafficking and stability.

3.2 Intracellular location of RIR-DFs

To investigate the biocompatibility of the DNA flowers, we firstly
examined the viabilities of RIR dye molecules or RIR-DFs
treated RAW264.7 macrophage-like cells by a CCK-8 assay. In
Fig. S8,7 both RIR dyes (0.36 uM) and RIR-DFs (7.7 ng uL %,
containing 0.36 uM RIR dyes) exhibited no detectable cytotox-
icity after 6 h incubation. Confocal imaging was then performed
on RAW264.7 cells to visualize the cellular location of RIR dyes
loaded DNA flower structures. RIR-DFs (7.7 ng pL ') were
administered to live macrophages for 6 h treatment. The
intracellular fluorescent spectrum was determined (Fig. S97),
which is similar to the fluorescence spectrum of RIR-DFs in
solution (Fig. 2d). Nuclei and lysosomes of macrophages were
subsequently stained by Hoechst 33 342 (blue) and LysoTracker
(red), respectively. Z-axis scanning images of cells incubated
with RIR-DFs were confirmed that the green fluorescence was
emitted from the RIR biscyanine molecules co-assembled with
DNA flowers inside cells (Fig. S10, ESIT). RIR-DFs were visible as
green fluorescent dots in the cytoplasm, which partially merged
with LysoTracker red signals after 6 h incubation (Fig. 3). The
co-localization of fluorescence indicated that internalization of
RIR-DF was mediated by endocytosis, and the uptaked RIR-DFs
were accumulated in lysosomes. The results demonstrated that
the internalization of RIR-DFs can be directly monitored by the
label-free approach. Importantly, DNA flower constructs were
observed to enter RAW264.7 cells and accumulate in lysosomes,
which is significant to rationally design nanocarriers fated to
the macrophages and the lysosomes, such as immunostimula-
tory moieties delivery vehicles® or nanovaccines.’

3.3 Intracellular stability of RIR-DFs

Before the study of the intracellular stability of DNA flower
structure, we incubated RIR-DFs (7.7 ng uL~ ") with 10% non-
inactivity fetal bovine serum (FBS) for different time period
(0-72 h). In Fig. S11 (ESIt), the fluorescence intensity of RIR-DFs
incubated with FBS for 6 hours had no observed reduction. The
phenomenon indicated that RIR-DFs probes were stable
enough to finish cell experiments. We next investigated the
cellular stability of RIR-DFs using RAW264.7 macrophage-like
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Merge

Fig. 3 Confocal images of RAW264.7 cells after incubation with RIR-
DFs for 6 hours. Hoechst 33 342 (4 ng mL™Y) and LysoTracker Red (2
uM) were used for cell nuclei and lysosome labelling. Scale bars are 20
um. The scale bar of local image is 10 um.

cells. After incubated with RIR-DFs for 6 h, the macrophages
were washed by 1x PBS and then cultured with fresh complete
medium for extra 0, 24, 48, 72 hours to allow the intracellular
degradation of DNA flower. In the confocal images (Fig. 4a),
RIR-DFs pre-treated cells displayed significant fluorescence
decay along with the culture period. The quantitative analysis of
confocal microscopy images by Image] agreed with that fluo-
rescence decline, suggesting that DNA flower gradually
degraded in the cellular environment within 72 h (Fig. 4b). The
finally released biscyanine molecules exhibited efficient intra-
molecular rotational motions, showing weak fluorescent emis-
sion. By detecting the alternation of fluorescence of the RIR-DFs
treated cells, the gradually dissociation of DNA flower structures
inside the cells was monitored. The results indicated that the
DNA flower materials could be advanced in controlled release
systems for multifunctional payloads.

Incubation 6 hours Next 24 hours b

Lol

» . ~ g
3O o o o3
e WTu® W W
A »® 17

oh

Next 48 hours

Next 72 hours

Fig. 4 Intracellular stability of RIR-DFs in live RAW264.7 cells. (a)
Confocal images of RAW 264.7 cells. After 6 hours incubation with
RIR-DFs, the cells were washed with 1 x PBS and cultured for 0, 24, 48,
72 hours to visualize the intracellular stability of RIR-DFs. Scale bars are
20 pm. (b) Confocal images were quantitatively analysed by Image J
for average intracellular fluorescence intensity. Error bars represent
standard deviation of three independent experiments in triplicate
images of cells.
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4 Conclusions

In this study, we present an effective, label-free, nontoxic
approach to study the intracellular location and stability of
RCA-derived DNA materials in live cells based on DNA
structures co-assembly with carbazole-based biscyanine flu-
orophores. When biscyanine molecules, which are RIR dyes
and can specifically bind to DNA molecules via electrostatic
attraction, were confined in the DNA flowers, strong fluo-
rescent emission was triggered. While DNA nanostructures
were degraded by enzymes, the RIR dyes were dissociated and
showed weak emission. These biscyanine-encapsulated DNA
flowers entered live cells and accumulated in lysosome, and
dissociated within 72 hours. These results indicated that
RCA-derived DNA materials could be designed to carry
molecular cargos whose targets are in lysosomes and to
realize controllable release of cargos triggered by mild acidic
environment or enzymes. Our strategy enabled the facile
visualization of cellular distribution and stability of the DNA
flowers in the live cells, which is expected to be advanced to
other DNA-based materials. We believe that this work opens
a new direction for cellular imaging, cancer therapies and
many other applications of RCA-based materials.
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