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ABSTRACT

Introduction: MicroRNAs (miRNAs) have been revealed to be critical genetic regulators in various phys-
iological processes and thus quantitative information on the expression level of critical miRNAs has
important implications for the initiation and development of human diseases, including cancers.
Objectives: We herein develop three-dimensionally (3D) counting of intracellular fluorescent spots for
accurately evaluating microRNA-21 (miRNA-21) expression in individual HeLa cells based on stimuli-
activated in situ growth of optical DNA flares, grid-patterned DNA-protein hybrids (GDPHs).

Methods: Target miRNA is sequence-specifically detected down to 10 pM owing to efficient signal ampli-
fication. Within living cells, GDPH flares are nuclease resistant and discrete objects with retarded mobil-
ity, enabling the screening of intracellular location and distribution of miRNAs and realizing in situ
counting of target species with a high accuracy.

Results: The quantitative results of intracellular miRNAs by 3D fluorescence counts are consistent with
qPCR gold standard assay, exhibiting the superiority over 2D counts. By screening the expression of

Abbreviations: 1D, One-dimensional; 2D, Two-dimensional; 3D, Three-dimensional; GDPHs, Grid-patterned DNA-protein hybrids; qPCR, Quantitative polymerase chain
reaction; PDCD4, Programmed cell death 4 protein; CTCs, Circulating tumor cells; RNA, Ribonucleic acid; DNA, Deoxyribonucleic acid; 3D-IFC, 3D counting of intracellular
fluorescent spots; BPMB, Biotinylated palindromic molecule beacon; A-BPMB, trivalent target-recognition probe; eSDR, Enzymatic strand displacement reaction; FSs,
Fluorescent spots; SDA, Cross-linking strand displacement amplification; ds, Double-stranded; KFP, Klenow fragment polymerase (3’-5'exo-); dNTPs, deoxyribonucleotides;
Lipo2000, Lipofectamine 2000; PMSF, Phenylmethanesulfonyl fluoride; FBS, Fetal bovine serum; v-DT, ‘visible’ DNA target molecule; NC, Nitrocellulose; GAPDH,
Glyceraldehyde-3-phosphate dehydrogenase; CCK8, Cell Counting Kit-8; AFM, Atomic force microscopy; SA, Streptavidin; LDP, Linear DNA products; “SDA, Strand
displacement amplification with LDP as products; LOD, Limit of detection; AIM, Apparent intracellular mobility; MCC, Manders’ colocalization coefficients; PRC, Pearson’s
correlation coefficient; RCG, relative cell growth; PI, Propidium iodide; NE, Normalized expression; RFU, Relative fluorescence units; e-miR-21, Exogenous miR-21 mimics.

Peer review under responsibility of Cairo University.

* Corresponding author.

E-mail address: wuzaisheng@163.com (Z.-S. Wu).

https://doi.org/10.1016/j.jare.2022.03.001

2090-1232/© 2022 The Authors. Published by Elsevier B.V. on behalf of Cairo University.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.jare.2022.03.001&domain=pdf
https://doi.org/10.1016/j.jare.2022.03.001
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:wuzaisheng@163.com
https://doi.org/10.1016/j.jare.2022.03.001
http://www.sciencedirect.com/science/journal/20901232
http://www.elsevier.com/locate/jare

C. Xue, H. Niu, S. Hu et al.

Journal of Advanced Research 43 (2023) 73-85

intracellular miR-21 that can down-regulate the programmed cell death 4 (PDCD4) protein, the prolifer-
ation and migration of HeLa cells, including artificially-regulated ones, were well estimated, thus
enabling the prediction of cancer metastasis in murine tumor models.

Conclusion: The experiments in vitro, ex vivo and in vivo demonstrate that GDPH-based 3D fluorescence
counts at the single cell level provide a valuable molecular tool for understanding biological function of
miRNAs and especially for recognizing aggressive CTCs, offering a design blueprint for further expansion
of DNA structural nanotechnology in predicting distant metastasis and prevention of tumor recurrence

after primary resection.

© 2022 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

It is well-known that malignant tumor (cancer) is an important
public health problem all over the world. At present the incidence
and mortality rates of cancer are still very high, especially in the
developing world. Disseminated cancers are the main causes of
death in patients with tumors, which is considered to be deter-
mined by circulating tumor cells (CTCs) detaching from the pri-
mary tumors and homing in various distant organs via the blood
circulation systems [1]. Therefore, evaluation of the malignant
potential (often associated with critical molecular events, for
example, the aberrant expression of miRNAs and functional pro-
teins) of CTCs is of significant importance for the prediction of
tumor metastasis and prevention of the recurrence after primary
resection.

Nucleic acids and proteins are two indispensable constituents of
living organisms with different roles. The main functions of nucleic
acids are to provide the recipe to the cells for the protein synthesis
[2], while proteins paly a fundamental role for most biological pro-
cesses [3]. The interaction between proteins and nucleic acids often
plays a necessary role in various biological events [4]. Since the first
discovery in nematodes, small non-coding RNA species (miRNAs)
have been revealed as the critical regulators in numerous biological
processes [5], such as cell differentiation, proliferation and apopto-
sis [6,7]. The abnormal expression of miRNAs often causes a variety
of human diseases [8], and the miRNA-involved regulatory pro-
cesses of functional proteins are considered to be valuable tools
for uncovering basic biological mechanism of the initiation and pro-
gression of diseases. Because the genetic instability leads to the
tumor cell heterogeneity, the copy number of miRNAs varies from
cell to cell even at various stages of cell cycle in the same population
[9]. Thus, it is of practical clinical importance to detect the expres-
sion profile of tumor-associated miRNAs in individual cells. How-
ever, it is extremely difficult for the existing methods to detect
intracellular miRNAs due to the complexity of intracellular environ-
ment that contains a multitude of interfering factors and functional
biomolecules (e.g., nucleases with high digestion ability) capable of
potentially preventing or quenching the signaling process [10].
Moreover, the intrinsic molecular characteristics of miRNAs (i.e.,
small size, sequence homology among family members and low
abundance) make their accurate detection more challenging [11].
In view of the desirable ability of fluorescence microscopy to map
the spatial distribution of optical molecules, to promote the
miRNA-related clinical theranostics, considerable amount of
impressive works have been devoted to the development of a vari-
ety of imaging methods to extract the biological information on
intracellular miRNAs in living cells [12]. Despite some recent
important advances in intracellular bioimaging [13], until now
there is no report on a well-established signaling platform that
allows the precise positioning of intracellular miRNAs in three-
dimensional (3D) space in individual cells in a quantitative manner
because of a formidable technical obstacle.
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To break through the existing bottleneck of 3D spatial quantifi-
cation of biomolecules in individual cells, herein we demonstrate
3D counting of intracellular fluorescent spots that are enzymati-
cally in situ assembled from DNA probes in a stimuli-responsive
fashion. When designing a mapping scheme, the following several
issues need to be taken into account: (i) In situ signaling. Reporting
probes could specifically assemble into the architecture of appro-
priated size with very low mobility so that it remains where it is
originally formed. (ii) High nuclease-degradation resistance. To
increase the lifetime of signaling probes in complex intracellular
environment, DNA assemblies should have the enhanced structural
rigidity to protect probe components from nuclease attack [14].
(iii) Signal amplification of individual binding events. To improve
the detection sensitivity of fluorescent probe, the probe should
be elaborately designed so that one target binding event enables
many probes to fluoresce, producing an amplified signal output.
Moreover, the signal is required to be on an individual rather than
collective level to count the number of miRNAs. (iv) Controlled
assembly. To form the countable fluorescent flares, the outgrowth
of DNA products should be limited to produce discrete architec-
tures. Moreover, to screen the intact cell behavior for unique pur-
poses, such as accurate evaluation of cell proliferation for
predicting malignant invasion of tumor cells, the detection probes
should have high biocompatibility so that they do not induce cell
damage. Besides, designers should strive to arrange multiple
recognition sites in one detection probe and employ a very small
number of probe types to increase the local concentration of recog-
nition site. To meet these requirements, the current 3D counting of
intracellular fluorescent spots (3D-IFC) is based on intracellular
in situ growth of grid-patterned DNA-protein hybrid (GDPH) from
streptavidin/biotin  interaction-mediated trivalent  target-
recognizing probes by enzymatic strand displacement reaction-
based DNA structural nanotechnology.

DNA structural nanotechnology has been used to develop
various sophisticated nanostructures, including one-dimensional
(1D) [15], two-dimensional (2D) [16] and three-dimensional (3D)
architectures [17]. Besides good biocompatibility, structural pro-
grammability, vast sequence design space and easy functionaliza-
tion [18], 2D DNA nanoarrays have been demonstrated to have
high stability in contrast to common nucleic acids such as natural,
single- and double-stranded DNA [19], which is desirable for
in vivo applications. Moreover, due to the large steric hindrance
originating from the high surface-area-to-volume ratio, grid DNA
array is proved to exhibit extremely low mobility [20]. Thus, 2D
DNA nanostructure is attractive alternative material for the
in situ imaging of subcellular location and distribution of biomole-
cules of interest. Moreover, a rich variety of enzymes are available
for providing the powerful “toolbox” for manipulating DNA assem-
blies, further expanding the area of DNA nanotechnology. Besides,
the artificial DNA-protein conjugates with high affinity constant,
such as streptavidin/biotinylated DNA complex, offer unique
opportunities for constructing well-defined DNA nanostructures
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[21]. Nevertheless, while 1D and 3D DNA nanostructures are
extensively employed in biosensing, bioimaging and other biomed-
ical applications [22,23], the in vivo application of 2D grid-
patterned DNA assemblies is largely unexplored. Moreover, the
previously-reported DNA nanotechnologies for the assembly of
1D and 3D architectures seem to be unsuitable for the 3D-IFC-
based assay of miRNAs within living cells.

On the basis of the above considerations, to perform 3D-
IFC-based assay of miRNAs, trivalent target-recognition probe
(A-BPMB) is prepared by utilizing streptavidin to glue three
biotinylated palindromic molecule beacon (BPMB) together. After
transfecting A-BPMB into target cells, enzymatic strand displace-
ment reaction (eSDR) occurs upon intracellular miRNAs and pro-
motes the intermolecular cross-linking among different A-BPMBs,
enabling the in situ growth of 2D discrete GDPH nanosheet flares
(fluorescent spots, FSs) that can be detected in a target-specific-
amplification manner. Introduction of palindromic end into MB
probes make them hybridize with each other, simplifying the
probe design. Each A-BPMB has three binding sites for target miR-
NAs, increasing their collision probability. In view of the target
recycle-based signal amplification and cross-linking effect, eSDR
is called the cross-linking strand displacement amplification
(°SDA) capable of assisting the intermolecular double-stranded
(ds) DNAs to assemble into highly cross-linked network structure.
By fluorescently counting the number of FSs and visualizing their
location in three-dimensional space, the expression level of target
miRNAs and subcellular distribution can be estimated in individual
cells. By utilizing GDPH-based 3D-IFC technique, we quantitatively
evaluate the proliferation of tumor cells and in turn predict the
tumorigenesis and assess the response of preventive therapeutic
intervention. The experimental data in vitro and in vivo, including
the results from tumor-bearing nude mice model, demonstrate
the potential application of GDPH-based 3D-IFC technique in the
molecular diagnosis and prevention of cancers.

Methods
Materials

All oligonucleotide probes designed in this study were synthe-
sized by Shanghai Sangon Biological Engineering Technology and
Services (Shanghai, China), and their sequences are listed in
Table S1 in Supporting information. The secondary structure of
DNA probes was estimated by an online “mfold” program
(https://unafold.rna.albany.edu/).  Labeled-free and modified
oligonucleotides were purified by PAGE and HPLC, respectively.
All purchased oligonucleotide probes were dissolved in self-
prepared buffer: 10 mM Tris, 1 mM EDTA and pH 8.0 (1 x TE buf-
fer). BPMB probes were subjected to the thermal annealing treat-
ment. The resulting probe solution was stored at 4 °C before use.

Streptavidin was purchased from Sigma (U.S.A), Klenow frag-
ment polymerase (3’-5'exo-) (KFP), 10 x NE Buffer 2, mixture of
deoxyribonucleotides (ANTPs) and low molecular weight ladder
were purchased from New England Biolabs (Beijing, China). SYBR
Green | and 6 x gel loading buffer were obtained from Dingguo
Changsheng Biotechnology (Beijing, China). Human breast cancer
cell line (MCF-7 cells), cervical cancer cells (HeLa cells) and human
hepatocyte cells (LO2 cells) were obtained from Cell Resource Cen-
ter of Shanghai Institute for Biological Sciences (Chinese Academy
of Sciences, Shanghai, China). Lipofectamine 2000 (Lipo2000)
transfection reagent and Opti-MEM reduced serum medium (no
Phenol Red) were obtained from Thermo Fisher (Waltham, USA).
RIPA buffer and Phenylmethanesulfonyl fluoride (PMSF) were
obtained from Beijing Dingguo Biotechnology Co., Beijing, China.
BCA Protein Assay kit was acquired from Takara (Dalian, China).
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Other chemical reagents were of analytical grade and solutions
were prepared with ultrapure water (18.25 MQ-cm).

2D fluorescence counts of miRNA in living cells via GDPH-based
imaging

All cells were cultured in DMEM medium (GIBCO, Paisley, UK)
supplemented with 10% fetal bovine serum (FBS), 100 U/mL peni-
cillin and 100 pg/mL streptomycin. Cells were kept at 37 °C with
a humidified atmosphere of 5% CO,. Additional species, insulin
(0.2 U/mL), was added to the medium for culturing MCF-7. Cells
were seeded on 22-mm cover glass in 12-well plastic-bottom plate
and further cultured for 24 h. Then, the cells were starved by cultur-
ing in 1 mL of Opti-MEM medium (serum free) for 2 h before use.

To image target miRNA by GDPH-based system, two different
solutions were prepared in advance. Solution A (150 pL): 6 pL of
BPMB-21-qCy3 (10 uM), 2 pL of streptavidin (10 puM), 6 pL of
dNTPs and 30 pL of 10 x NE Buffer 2 were added into 106 pL of
Opti-MEM, followed by mixing and incubating at room tempera-
ture for 30 min. Solution B (150 pL): 5 pL of Lipo2000 and 3 pL
of Klenow fragment (3’-5’exo-) polymerase were added into
142 pL of Opti-MEM and mixed well. Afterwards, the transfection
mixture (300 uL) (called GDPH imaging solution) was formed by
mixing Solutions A and B and keeping at room temperature for
20 min. The cells were washed by PBS and incubated with the
transfection mixture (300 pL) at 37 °C for 1 h. Subsequently, the
cells were washed three times with PBS, and the cell nuclei were
stained with 10 pg/mL Hoechst for 15 min, followed by the confo-
cal fluorescence imaging on a Leica SP8 laser scanning confocal
microscope.

For flow cytometry analysis, the cells were treated according to
the procedure described above. However, after incubating with
GDPH imaging solution for 1 h, the cells were washed with PBS,
followed by detaching with 200 uL of 0.25% Trypsin without EDTA
(Beijing Dingguo Biotechnology Co.) After collecting the cells by
centrifugating at 1000 rpm/min, PBS (1 mL) was added and the
resulting solution was subjected to flow cytometry analysis.

Tracing artificial target v-DT in living cells

The experimental procedure for tracing arbitrary target was
divided into two steps. Step 1, an artificially-synthesized
FAM-labeled DNA target (v-DT) hybridized with AS1411 was inter-
nalized into the HeLa cell by receptor-mediated endocytosis path-
way. Specifically, equal amount (2 uL, 10 uM) of v-DT and AS1411
were add to 21 pL of PBS and mixed well. After 1-h incubation at
room temperature, the mixture was diluted with DMEM to
500 pL, followed by incubating with HeLa cells for another 1 h. Step
2, GDPH-based imaging of v-DT internalized in the cells was con-
ducted according to the procedure described in the section of
“2D Fluorescence counts of miRNA in living cells via GDPH-based
imaging”, but BPMB-v-DT-qCy3 probe was used instead of BPMB-
21-qCy3.

Simultaneous fluorescence imaging of different intracellular miRNAs

The imaging procedure was the same as the description in the
section of “2D Fluorescence counts of miRNA in living cells via
GDPH-based imaging”, but both BPMB-21-qCy3 and BPMB-125b-
qCy5 were used to report miR-21 and miR-125b, respectively.

Prediction of cell proliferation by counting GDPH fluorescent spots
from 3D imaging

Cells were cultured as described in the section of “2D Fluores-
cence counts of miRNA in living cells via GDPH-based imaging”
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and seeded in 6-well plastic-bottom plate, followed by culturing
for 24 h. Then, the cells were starved by incubating in 1 mL of
Opti-MEM medium (serum free) for 2 h before use.

For modulating the expression of miR-21 in live cells, e-miR-21
and Inhibitor were separately transfected into Hela cells with
Lipo2000, while PBS was set as control. The transfection process
was described as follows. Two different solutions were prepared
in advance. solution A (400 pL): 4 pL of e-miR-21 (20 uM), Inhibi-
tor (20 uM) or PBS was added into 396 pL of Opti-MEM, followed
by mixing and incubating at room temperature for 30 min. Solu-
tion B (400 uL): 6 pL of Lipo2000 was added into 394 pL of Opti-
MEM and mixed well. Afterwards, the transfection mixture
(800 pL) was obtained by mixing Solution A with Solution B and
incubating at room temperature for 20 min. Then, HelLa cells were
incubated in transfection mixture for 1 h. After washing with PBS,
the cells were cultured in DMEM medium for another given time
periods (e.g., 24 and 48 h).

For visualizing the expression level of miR-21 in live cells trea-
ted, GDPH-based 3D imaging was performed according to the pro-
cedures described in the section of “2D Fluorescence counts of
miRNA in living cells via GDPH-based imaging”.

For exploring the expression of miR-21 in HeLa cells by qPCR,
the RNAs were extracted from the cells using Trizol Reagent Kit
(Invitrogen) according to the instructions and then kept at
—80 °C before use. The qPCR was conducted using the Prime-
ScriptTM RT reagent Kit (TaKaRa) according to manufacturer’s pro-
tocol. U6 in each group of cells was selected as the endogenous
control.

For western blotting analysis, HeLa cells were lysed in RIPA buf-
fer supplemented with Phenylmethanesulfonyl fluoride (PMSF) at
the ratio of 100:1. The total proteins were quantified by BCA Pro-
tein Assay kit. Equal proteins in each sample were separated by
10% SDS-PAGE and then the electrophoretic blotting was con-
ducted to transfer the proteins to nitrocellulose membranes (NC
membranes). After sealing the membranes by nonfat milk powder
for 2 h at room temperature, the NC membrane was incubated
with primary antibody against PDCD4 (Rabbit mAb #9535, Cell
Signaling Technology) at the concentration of 1/1000 diluted in
TBST [Tris-buffered saline with 0.1% (v/v) Tween-200, 5% (w/v)
BSA]. Afterwards, the membrane was incubated with the corre-
sponding HRP-conjugated secondary antibodies (HRP-linked
Anti-rabbit IgG #7074, Cell Signaling Technology) (1:1000) in TBST.
The immunoreactive bands were visualized by an enhanced chemi-
luminescence (ECL) system (Thermo Fisher, Waltham, USA), and
the images were scanned by ChemiDoc XRS Imaging system (Bio-
RAD, U.S.A.). The relative protein expression was measured by den-
sitometric analysis using the Image Lab software (Bio-Rad). GAPDH
(glyceraldehyde-3-phosphate dehydrogenase) was used as
endogenous control.

For cell proliferation analysis, the cells were separately trans-
fected with e-miR-21, Inhibitor and PBS, followed by culturing
for 0 h, 24 h or 48 h. Afterwards the cell proliferation was evalu-
ated by Cell Counting Kit-8 (CCK8) assay according to the instruc-
tions (Beijing Dingguo Biotechnology Co., Beijing, China).

Evaluation of tumor development by 3D counting of GDPH fluorescent
spots

For modulating the expression of miR-21 in live cells, e-miR-21
and Inhibitor were separately transfected into HeLa cells as
described in the section of “Prediction of cell proliferation by
counting GDPH fluorescent spots from 3D imaging”. The miR-21
imaging and cell viability assay were performed as described in
the section of “Prediction of cell proliferation by counting GDPH
fluorescent spots from 3D imaging”. Female BALB/c nude mice
(4-6 weeks old) were subcutaneously injected with 1 x 107 cells.
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After 39 days, the tumors were harvested, and the average size
was measured from four independent experiments according to
the formula = tumor length x (tumor width)?/2. The animal exper-
iment was approved by the Institutional Animal Care and Use
Committee (IACUC) of Fuzhou University (approval number:
SYXK-2019-0007).

Ethics statement

All experiments involving animals were conducted according to
the ethical policies and procedures approved by the ethics commit-
tee of the Institutional Animal Care and Use Committee (IACUC) of
Fuzhou University (approval number: SYXK-2019-0007).

Results and discussion
Working principle of catalytic assembly of GDPH for cell viability assay

The miR-21 has been discovered as only one miRNA with an
overexpressed level in eleven solid cancers so far [24]. Moreover,
the previously-reported molecular biology techniques have identi-
fied that miR-21 severs as an active promoter capable of down-
regulating the programmed cell death 4 (PDCD4) protein and
thereby exerts significant effects on the cell proliferation [24,25].
The aberrant expression levels of miR-21 are associated with early
cancer diagnosis and therapy response [26]. Thus, in the current
study, miR-21 was used model molecule to evaluate the cell viabil-
ity by quantifying miRNA expression, while HeLa cervical carci-
noma cells were used as tumor cell model. All DNA probes and
miRNAs, including target miR-21 and nontarget species, are
described in Table S1.

As shown in Scheme 1A, besides the schematic illustration of
down-regulating programmed cell death protein, we schematically
depict an intracellular in situ assembly of DNA-protein hybrid
GDPH from A-BPMBs upon initiation of miR-21 though SDA pro-
cess in the presence of polymerase, enabling the recycle of intracel-
lular target species and achieving the continuous growth effect.
The molecular structure of A-BPMB is shown in Scheme S1. A-
BPMB contains three biotinylated palindromic molecule beacons
(BPMBs) with an identical base sequence that are glued together
by a streptavidin. Each MB is designed as a multifunctional probe
capable of serving as recognition element, polymerization primer
and template. The catalytic assembly of GDPH by “SDA process is
shown in Scheme 1B, and more details are presented in
Scheme S2A. The hairpin-structure of BPMB is opened by miR-21
(red) after being transfected into target cells, exposing its palin-
dromic fragment (brown). The intermolecular hybridization
between opened palindromic ends preferentially occurs (step i)
due to the spatial orientation-based superiority (avoiding the
conformationally-constrained bent structure required for the
intramolecular interaction within A-BPMB). Then, the hybridized
palindromic ends serve as the primers to perform the polymeriza-
tion reaction with the help of polymerase by using each other as
the templates (step ii), leading to the displacement of hybridized
target molecules. Subsequently, the released target miRNAs search
their nearest surroundings for the next binding sites and initiate
the next round reactions (step iii), resulting in net-like cross-
linked structure (step iv and step v, as well as GDPH) that causes
fluorescence amplification effect. Structurally, A-BPMB building
blocks are assembled into two dimensional fluorescent bioarray
consisting of BPMB and streptavidin. The assembled products are
called grid-patterned DNA-protein hybrids (GDPHs), which look
very much like fluorescent spot flares with a very high level of
brightness scattered within the intracellular space. The basic struc-
tural unit of GDPH is a three-arm junction, where the central con-
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Scheme 1. The molecular mechanism for screening cell viability by fluorescently counting intracellular miRNAs via using GDPH-based system. (A) Schematic
illustration of intracellular miR-21-induced in situ growth of grid-patterned DNA-protein hybrid (GDPH) and miRNA-mediated regulatory pathway in cell proliferation by
targeting programmed cell death 4 (PDCD4) gene. (B) The cross-linking strand displacement amplification (“SDA) responsible for the enzymatic assembly process of GDPH. (C)
Screening the cell viability by counting intracellular 3D fluorescent spots for evaluating cancer metastasis.

nector is streptavidin and each arm is the double-stranded (ds)
DNA, and thus GDPH exhibits hardly the intracellular mobility.
As a result, its position and number are determined by the trigger-
ing molecules, intracellular miR-21. By counting the fluorescent
GDPH spots visualized via confocal fluorescence microscopic imag-
ing in three-dimensional models (Scheme 1C), miR-21 expression
level is sensitively estimated with a high spatial resolution. Since
miR-21 plays a key role in the PDCD4-inhibited pathway in cell
proliferation by targeting related-mRNA in mammalian cells
[24,25], utilizing the newly-developed GDPH-based 3D-IFC assay
to quantify miR-21, the viability of tumor cells can be evaluated
and the tumor recurrence and metastasis mediated by CTCs can
be predicted.

Characterization of GDPH assemblies and verification of fluorescence
response in vitro

Since non-denaturing gel electrophoresis is a reliable and effi-
cient method for characterizing DNA structures [27], GDPH assem-
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bled from A-BPMB is first characterized by native-polyacrylamide
gel electrophoresis (nPAGE). As shown in Fig. S1A, BPMB with only
46 bases leads to a fast-moving lowermost band in lane 1. Upon
addition of streptavidin connector, a new major band with high
molecular weight appears in lane 2, indicating the formation of
A-BPMB. In addition to this, there is a wide faint band that should
correspond to the assembled byproducts at the low ratio of BPMB-
to-streptavidin. Even so, the final assemblies (Fig. S1E) and signal-
ing capability (Fig. S4) are desirable. In lane 3, A-BPMB band
become weak and new band with the lower gel mobility is
detected, demonstrating the hybridization of target miR-21 to A-
BPMB. Excitingly, the substantial difference between lane 4 and
lane 5 offers the convincing evidence that target miR-21 does acti-
vate the assembly of GDPH with a highly-cross-linked structure
from A-BPMBs. Even if much lower target concentration
(100 nM) than BPMB (300 nM) is involved, no detectable residual
band of A-BPMB demonstrates that target miRNA is recycled to
repeatedly perform °SDA reaction, leading the exhaustion of build-
ing blocks. Although lane 4 seems unusual compared with lane 2
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that also has no target molecules, the appearance of major narrow
band with a reduction of electrophoretic mobility should be attrib-
uted to the interaction between A-BPMB and Klenow fragment
(3’ - 5 exo-) polymerase (KFP) according to literature report
[28] rather than GDPH inadvertently generated because GDPH
has the larger molecular weight. The assembly of GDPH upon
miR-21 was also confirmed by fluorescence spectral measurement.
As shown in Fig. S1B, there is no detectable difference in the fluo-
rescence intensity between sample-1, sample-2 and sample-3.
Only slight fluorescence increase is observed in sample 4 (blank)
due to the interaction of A-BPMB with KFP, while a significantly
stronger fluorescence signal is detected in sample-5 in the pres-
ence of miR-21D, demonstrating the fully-opened BPMB probes
after the formation of GDPH via “SDA reaction.

To directly visualize GDPH nanoarray, we performed the char-
acterization by atomic force microscopy (AFM) because this tech-
nique is considered to be a powerful tool for exploring the
microscopic structure of DNA assemblies, including two-
dimensional DNA molecular arrays [29]. As shown in Fig. S1D,
the scattered bright dots with the average height of 2.33 nm are
the streptavidin connectors, while BPMB arms are too small to be
resolved by AFM. In contrast, Fig. S1E shows the densely-
arranged grid-patterned bioarray. In the corresponding cross-
section view, besides the sharp peaks of streptavidin connectors,
the shoulder peaks are observed with the average height of
1.69 nm that is close to the theoretical width of double-stranded
DNA fragments [30], confirming the formation of net-like cross-
linked BPMBs.

In vitro miRNA detection by cross-linking strand displacement
amplification (“SDA)

As the central connector of structural unit of GDPH, very high or
very low concentration of streptavidin (SA) disables the formation
of cross-linked structure of assemblies. Thus, the dependence of
GDPH assembly on the ratio of SA-to-BPMB was explored by
nPAGE analysis. As shown in Fig. S2 (panel A and panel B), in the
absence of SA (sample-a, 12:0), only short linear DNA products
(LDP) are obtained because of the strand displacement amplifica-
tion (termed “SDA), and the corresponding schematic diagram is
shown in Scheme S2B. Moreover, the residual BPMB band can be
detected (lane a). When gradually increasing the SA concentration
to 12:3 (sample-b) and 12:4 (sample-c), a new band appears at the
entrance of gel wells and the amount of LDP products decreases
until disappears (sample-c), implying the generation of grid-
patterned DNA-protein hybrid (GDPH) assemblies. Moreover, the
residual BPMB band also completely disappears even at the same
concentration of target species as sample-a, confirming the higher
SDA-based signal amplification efficiency. However, if further
increasing the streptavidin content, for example, sample-d (12:6)
and sample-e (12:12), the assembly efficiency is compromised
and even some faint smearing bands appear (lane e). The structure
of main reactants at various SA-to-BPMB ratios is described in
Fig. S2B. The 12:4 ratio offered the highest assembly efficiency.
Thus, the optimal ratio of 12:4 was used in the subsequent exper-
iments. Moreover, the reaction time for GDPH assembly in vitro
was optimized by fluorescence measurement. As shown in
Fig. S3, the optimal incubation time is found to be 1 h, because
the longer incubation time induces the increase in background flu-
orescence and compromises the signal.

The capability of GDPH-based system to quantify miRNA in vitro
was evaluated by measuring fluorescence intensity upon addition of
miR-21 at different concentrations. As shown in Fig. S4A, a mono-
tonic increase in emission intensity with increasing target concen-
tration from O to 200 nM. An excellent linearity between the
fluorescence signal and target concentration ranging from 0 to
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50 nM is achieved (Fig. S4B), and the limit of detection (LOD) is found
to be 10 pM that is capable of inducing a detectable signal higher
than the background fluoresce corresponding to the blank sample.
As shown in Table S2, the assay capability of GDPH-based system
is 10 to 100 times higher than literature methods. Moreover, these
methods are unsuitable for the in situ imaging of intracellular miR-
NAs and/or inorganic nanomaterial amplifiers are required.

The detection specificity towards target miR-21 was studied by
detecting mutant counterpart species and several nontarget miR-
NAs coexisting within HeLa cells [31]. The sequences of mutant
targets, MT1, MT2 and MT3, are shown in Table S1. As shown in
Fig. S5A, the signal induced by mutant targets is less than 50%
(49.8% for MT1, 26.6% for MT2 and 20.7% for MT3) if defining the
fluorescence signal of miR-21D as 100%. Moreover, much lower flu-
orescence signal appears upon nontarget miRNAs (Fig. S5B). Specif-
ically, the signal induced by miR-200cD, Let-7aD, Let-7cD and Let-
7fD is only 2.7%, 4.5%, 6.7% and 2.9%, respectively. Thus, the quan-
titatively counting of miR-21 within HeLa cells is not interfered.

Time-dependent assembly of countable fluorescent GDPH spots within
cells and potential application in evaluating the expression level of
miRNAs

After demonstrating the desirable performance of GDPH-based
system for miRNA detection in vitro, we explored the feasibility
of in situ growth of GDPH within living cells and evaluated its
potential application in estimating the expression of miRNAs. Con-
sidering the high efficiency of lipid-based transfection agents for
promoting the cellular internalization of drug-incorporated formu-
lations and signaling DNA probes [32], we herein used a commer-
cial lipofectamine 2000 Reagent (Lipo2000) to transport A-BPMB
into Hela cells. The subcellular localization of GDPH assembled
was explored by colocalization analysis. For this purpose, BPMB
was labelled with Cy3 (red) and BHQ2 at the two ends of hairpin
structure, while lysosomes were stained by Lyso Tracker (green).
The growth of GDPH was monitored by cell imaging at several time
points post-incubation in transfection mixture. As shown in Fig. S6,
no obvious red fluorescence is detected at the initial stages (e.g.,
15 min), indicating that almost no GDPH was assembled. Subse-
quently, the red fluorescent spots (FSs) appear and the number
gradually increases. At the incubation time of 60 min, the separa-
tion of red fluorescent spots (FSs) from green clusters (indicated
by white arrows) can be observed, demonstrating that A-BPMBs
escaped from lysosomes, entered cytoplasm and assembled into
GDPH upon initiation of miR-21. Moreover, the size of red spots
increases, and they tend to aggregate (e.g., 240 min), demonstrat-
ing the gradual growth of GDPH. To accurately count the fluores-
cent spots for estimating the expression level of miRNAs, the
incubation time of 60 min was chosen for the intracellular assem-
bly of GDPH to obtain the well dispersed fluorescent flares.

To demonstrate the feasibility of as-proposed GDPH counting-
based strategy for evaluating the expression level of miRNAs, a
well-known method, which is based on the fluorescent spot count-
ing in the two dimensional space within cells [13] (called 2D fluo-
rescence counts herein), was used to analyze HeLa cells. For
comparison, human breast cancer cell lines (MCF-7 cells) and nor-
mal human hepatocyte cell lines (LO2 cells) were employed as the
positive control and negative control, respectively, since miR-21
was reported to be overexpressed in the former but not in the lat-
ter [33]. As shown in Fig. 1A, as expected, the average number of
fluorescent GDPH spots within MCF-7, HeLa and LO2 cells is 6.0,
3.2 and O, respectively. Namely, the miR-21 expression level
decreases in the trend: MCF-7 > HeLa > LO2 cells, which is in good
agreement with the experimental results from flow cytometric
analysis (Fig. 1B), showing the potential application in screening
the expression profile of intracellular miRNAs.
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Stability of 2D GDPH nanostructure in live cells

While versatile DNA structural nanotechnology makes DNA
nanostructures, including two-dimensional (2D) arrays, useful for
various biological applications, the susceptibility of common DNA
assemblies to attack by nucleases present in complicated physio-
logical media become the major roadblock to clinical translation
[34]. Thus, the degradation resistance of GDPH assembly was
explored in nuclease solution in tube format and within living
cells. DNase I was used as the nuclease model because of its high
capability to nonspecifically cleave ssDNA and dsDNA [12,35],
and the residual GDPH digested by DNase I (2 U/mL) was evaluated
by gel electrophoresis analysis. As shown in Fig. S7, GDPH can exist
in DNase I for at least 4 h even if exposed to 20 times higher con-
centration of DNase I than literature value [36], while the corre-
sponding linear DNA counterpart products are completely
digested within less than 1 h, demonstrating the substantially
enhanced nuclease-degradation resistance of GDPH.

Taking into account that DNA assemblies are more easily
degraded in complicated intracellular environment where there
are a wide variety of biological progresses besides biomolecules
[37], the intracellular stability of GDPH was also evaluated, where
linear DNA counterpart product (LDP) was used as control. As
shown in Fig. S8, no substantial decrease in the fluorescence inten-
sity is detected for intracellularly assembled GDPH after 6-h incu-
bation. In sharp contrast, the signal of LDP almost disappears at 6-h
incubation under identical conditions despite that LDP-based sys-
tem possesses a desirable assay performance in vitro (Fig. S9).
These experimental results demonstrate that 2D GDPH nanostruc-
ture exhibits substantially enhanced stability inside live cells so
that researchers are allowed to have time to collect the sufficient
information of intracellular miRNAs [33]. Moreover, GDPH probes
show good biocompartibility and do not influence the cell viability
even if the higher concentration of probes are transfected into liv-
ing cells as described in Fig. S10.

Suitability of GDPH counting for in situ imaging of intracellular
biomolecules and superiority of 3D counting over 2D counting

The intracellular mobility of internalized materials, as well as

exocytosis [38] and cell permeability that may be disturbed by
external factors (e.g., transfection agents) [39], can influence their
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location and distribution within cells. Thus, it is necessary to study
the apparent intracellular mobility (AIM) of 2D GDPH. For this pur-
pose, MCF-7 cells were fixed with paraformaldehyde and perme-
abilized in order to allow large biomolecules readily diffuse
through the cell membrane according to literature methods [33].
As shown in Fig. S11, very strong red fluorescence is detected for
GDPH-based system (panel a), demonstrating that GDPH assem-
blies can firmly reside inside cells even if undergoing washing
treatment. Even in the absence of polymerase that is required for
the cross-linking assembly process, the detectable fluorescence is
still observed (panel b), which should be attributed to the steric
hindrance originating from the branched structure of A-BPMB
upon miR-21. In contrast, no fluorescence signal is detected for
LDP-based system (panel c) even if it emits a strong fluorescence
signal in normal solution (Fig. S9). This is because the linear prod-
ucts easily diffuse out of cells during washing treatment. Similarly,
there is no fluorescence signal for panel d.

Subsequently, the suitability of GDPH-based system for intra-
cellular in situ imaging of miRNAs were examined by performing
the colocalization of its Cy3 fluorescence signal (red) with a ‘visi-
ble’ DNA target molecule (v-DT) that was labelled with FAM fluo-
rophore (green) and pre-hybridized with aptamer AS1411. The
experimental procedure is outlined in Fig. 2A. AS1411 was
reported to specifically recognize the nucleolin expressed in vari-
ous cancer cells, such as HeLa [40], and thus v-DT/AS1411 hybrid
can be internalized into HeLa cells by receptor-mediated endocyto-
sis pathway. As shown in Fig. 2B, after exposure of v-DT/AS1411-
internalized cells to GDPH imaging solution, both red and green
fluorescence signals are observed, indicating the internalization
of v-DT and formation of GDPH. Moreover, besides the high degree
of overlap with a MCC value of 0.949, the red fluorescence is highly
associated with green fluorescence (PRC = 0.436) [41]. For the mag-
nified images (Regions 1f, 2f, 3f and 4f), the overlap of red fluores-
cence with green fluorescence can be observed more clearly
regardless of whether the green fluorescence signal is strong
(e.g., Regions 1d and 2d) or weak (e.g., Regions 3d and 4d).

Because 3D imaging can theoretically collect as many optical
sections as researchers want and offer sufficient information on
intracellular biomolecules [42], the comparative study of assay
performance of 3D- and 2D-based imaging techniques were con-
ducted. To obtain 2D fluorescence images on the different optical
sections of model cells, the confocal fluorescence imaging of HeLa
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Fig. 1. 2D imaging of miR-21 in live cells by GDPH-based system. (A) Confocal fluorescence imaging of miR-21 in MCF-7 cells (upper panel), HeLa cells (middle panel) and
L02 cells (lower panel). The red fluorescence represents Cy3-labelled GDPH spots, and cell nuclei are stained with Hoechst. The average number of fluorescent GDPH spots per
cell (FSs/cell) is shown in the right panel. (B) Flow cytometric analysis of the corresponding samples, where cells only were used as control (green line).
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Fig. 2. In situ growth of GDPH architecture triggered by artificial ‘visible’ target species in live cells. (A) Schematic illustration of aptamer-mediated internalization of
FAM-labelled v-DT target into HeLa cells, followed by the assembly of GDPH architecture from A-BPMBs transfected by Lipo2000. (B) Colocalization of FAM-attached v-DT and
Cy3-modified A-BPMB building blocks within HeLa cells by 2D fluorescence imaging to demonstrate the in situ growth of GDPH architecture. Pearson’s correlation coefficient
(PRC), 0.436; Manders’ colocalization coefficients (MCC), 0.949. The regions boxed with white lines are enlarged in the lower panel to observe the relative location of
triggering v-DT and GDPH assemblies. (C) 3D fluorescence images of HeLa cells undergone the same treatment as (B), where the fluorescent spots boxed by white lines are
enlarged to observe the assemblies more clearly. PRC is 0.403, while MCC is 0.997. Green and red fluorescence spots denote v-DT and GDPH, respectively. Blue fluorescence

represents cell nuclei stained with Hoechst.

cells was performed while gradually moving the microscope stage
from the cell top down to dish bottom by preset distances. The
resulting four 2D fluorescence images at different Z-depths are
presented in Fig. S12B, which are broken down into locally-
enlarged fluorescence images in Fig. S12C to extract more detailed
information. One can notice that 18-pm-depth 2D image loses the
information from other optical sections, such as fluorescent spots
indicated by white, yellow, and green arrows at the Z-depths of
15 pm, 21 pm and 23 pm, respectively, which is consistent with
the theoretical mechanism for Z-series [42]. Unlike the 2D image,
the corresponding 3D fluorescence image contains almost all the
detectable information of miRNAs within cells as shown in
Fig. S12A, and the discrete red spots is countable, confirming the
superiority of 3D fluorescence imaging over 2D imaging [42].
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Along this line, the colocalization assay of triggering molecules
and assembled products within HeLa cells treated with the same
procedure described in Fig. 2B was performed in 3D projection,
and the results are shown in Fig. 2C. Clearly, different red (or
green) fluorescent spots are spatially well separated from each
other, and signal amplification effect is achieved (e.g., very weak
green fluorescence in region I-c induces a strong red signal in
region I-b), enabling the quantification detection of triggering
molecules more accurately by counting the red spot number.
Moreover, the capability of 3D imaging to screen the relationship
between v-DT triggers and GDPH assemblies is not compromised
(i.e., comparable PRC value and higher MCC value). Interestingly,
because AS1411 specifically binds the nucleolin, it can be expected
that intracellular proteins of interest is able to be in situ screened
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by GDPH-based system with the help of targeting ligands, such as
DNA aptamers and other bioactive molecules [43].

Capability of GDPH-based 3D-IFC technique to quantify miRNA in
individual cells

Since the fluorescent GDPH spots is countable in 3D space, 3D
counting of intracellular fluorescent spots (3D-IFC) is expected to
become an accurate method to estimate the expression of miRNAs,
establishing the technical basis for imaging biomarkers in individ-
ual cells. The utility of GDPH-based 3D-IFC technique was exam-
ined by analyzing miR-21 content in MCF-7 and HelLa cells. The
3D images of MCF-7 and Hela cells are shown in the upper panels
of Fig. S13A and S13B, respectively, while the number of red GDPH
spots per cell is presented in the lower panel (fluorescent spots are
thought to belong to the nearest cells). The density of red spots in
the 3D image of MCF-7 cells is much higher than HeLa cells. It is
also interesting to notice that, for the same type of cells, the num-
ber of red spots within different numbered cells is different from
each other, reflecting the different expression level of miR-21 in
individual cells (i.e., tumor cell heterogeneity), which agrees well
with literature reports [44]. The 3D imaging of three different kinds
of cells (LO2 cells used as negative control) was performed in the
same way and the results of statistical analysis of FSs/Cell
are shown in Fig. S14. The average FS number is 13.6, 5.0, and 0
FSs/Cell for MCF-7, HeLa and LO2 cells, respectively, indicating
36.9% for HeLa and 0% for LO2 if defining the expression level of
miR-21 in MCF-7 cells as 100%. The FS number detected from pos-
itive MCF-7 and Hela cells by 3D-IFC-based assay is much higher
than the corresponding number offered in Fig. 1, implying that
2D imaging-based FS counting does lose about half of fluorescent
flares. As a gold standard to evaluate the content of miRNAs with
high sensitivity [45], the quantitative PCR (qPCR) was conducted
for determining the expression of miR-21 in the three cell lines,
and the results are shown in Fig. S15 and Table S3. The content
of miR-21 in HeLa cells is 0.375 by normalizing the miR-21 expres-
sion in MCF-7 cells to equal 1. As expected, the 3D-IFC technique
offers the more accurate test results than the conventional 2D-
based fluorescence counting (Fig. 1A), providing researchers a good
opportunity for single-cell analysis often required by disease diag-
nosis and prevention.

Universality of GDPH-based 3D-IFC for quantitatively evaluating the
expression of intracellular miRNAs

A diversity of miRNAs was reported to mediate various path-
ways involved in complex gene regulatory networks [46]. To study
the universal applicability of GDPH-based 3F-IFC assay for miRNA
quantification in living cells, another miRNA, miRNA-125b (miR-
125b), was detected in HeLa cells because it is reported to be a
prognostic biomarker capable of regulating multiple target genes
[47] and is moderately expressed in HeLa cells [31]. Probe of
miR-125b (BPMB-125b-qCy5) was simply designed by substituting
the original recognition site of BPMB-21-qCy3 with the comple-
mentary fragment of miR-125b (seen in Table S1). The in vitro tests
were described in Fig. S16. The increase in the concentration of
miR-125bD (synthetic DNA analogue of miR-125b) leads to a
monotone increase of fluorescence signal (Fig. S16A), exhibiting a
good linear relationship between the fluorescence intensity and
target concentration in a range from 0 to 100 nM (Fig. S16B).
Fig. S17 shows the intracellular imaging of miR-125b in HeLa cells,
accompanied by the quantitative evaluation of its content by
counting fluorescent spots. The Cy5-lablled GDPH intracellularly
assembled from A-BPMB probes upon activation of miR-125b can
be clearly detected, and the average number of fluorescent spots
(FSs/Cell) are 1.6 and 1.0 for 3D- and 2D-based counting, respec-
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tively, implying the feasibility of GDPH-based 3D-IFC assay for
intracellular quantification of miR-125b and exhibiting the superi-
ority overt 2D fluorescence counts because some fluorescent spots
are lost for 2D-based counts.

To examine the ability of GDPH-based 3D-IFC assay to simulta-
neously detect different miRNAs (e.g., miR-21 and miR-125b), the
double-channel-based 3D fluorescence imaging was performed
after treating HeLa cells with GDPH imaging solution containing
BPMB-125b-qCy5 and BPMB-21-qCy3. L0O2 cells were used as neg-
ative control. The corresponding scheme is illustrated in Fig. 3A,
while the experimental results are shown in Fig. 3B. The red and
green fluorescence signals are detected for HeLa cells but not for
L02 cells, verifying the assembly of different GDPH products within
HelLa cells on activation of miR-21 and miR-125b. Moreover, as
shown in the right panel, the expression level of two miRNAs can
be quantified by separately counting the number of corresponding
FSs. The contents of miR-21 (5.1 FSs/cell) and miR-125b (1.5 FSs/-
cell) are consistent with the measured values of miR-21 alone in
the middle panel of Fig. S14 and miR-125b alone in the upper panel
of Fig. S17, respectively, evidencing that the different GDPH assem-
bly processes upon two biomolecules proceed independently and
do not interfere with each other. Fig. 3C shows the enlarged 3D
images of boxed Regions a and b in Fig. 3B. The red and green flu-
orescent spots do completely separate from each other (confirmed
by extremely low PRC value), implying that multiple targets within
the same cells can be simultaneously detected by GDPH-based 3D
fluorescent spot counting. If defining the expression of miR-21 as
100%, the relative expression level of miR-125 is 28.3% by
3D-IFS, which is comparable to qPCR gold standard assay (seen
in Fig. S18 and Table S4), while the value of 38.1% from 2D fluores-
cent spot counting is obviously higher. Presumably, this is because
some fluorescent spots, especially the red spots, were missed dur-
ing 2D counting. The negative LO2 cells (lower panel of Fig. 3B) and
scrambled Mis-probe (Fig. S19) that can recognize neither miR-21
nor miR-125b have no detectable FSs, indicating that the FSs are
specifically formed from target miRNA-induced self-assembly from
A-BPMB probes.

Relationship between cell proliferation and fluorescence signal from
GDPH-based 3D-IFC assay

Fig. 4A illustrates the 3D fluorescent prediction of tumor cell
proliferation via estimating the expression of miR-21 by GDPH-
based 3D-IFC assay. The increase in miR-21 expression level can
downregulate the expression of PDCD4 protein and favor cell pro-
liferation [24,25]. To confirm the relationship between cell prolif-
eration and fluorescence signal from GDPH-based 3D-IFC assay,
we recorded the fluorescence signal by calculating FSs/cell from
three different groups of HeLa cells (e-miR-21-transfected cells,
intact cells and Inhibitor-transfected cells) with different miR-21
contents and tested relative cell growth rate. Fig. 4B shows 3D flu-
orescence images. The decrease in the density of red GDPH spots
follows the trend: e-miR-21-transfected cells > intact
cells > Inhibitor-transfected cells. If the fluorescence signal induced
by the highest content of miR-21 in exogenous e-miR-21-
transfected HelLa cells is defined as 100%, the signals from intact
cells and Inhibitor-transfected cells are 15.2% and 3.9%, respec-
tively. The relative content of miR-21 estimated by 3D-IFC assay
in the three groups of Hela cells is generally consisted with the
results measured by gold standard qPCR assay (seen in Fig. 4C
and Table S5). Moreover, the PDCD4 protein was analyzed by west-
ern blot and cell proliferation was detected by CCK-8 kit. The cor-
responding results are presented in Fig. 4D and in Fig. 4E,
respectively. The high level of PDCD4 is observed in Inhibitor-
transfected Hela cells, while the e-miR-21-transfected cells
express a very low level of PDCD4, evidencing the negative regula-
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Fig. 3. Comparative study of the performance between 2D- and 3D-based fluorescence counts by GDPH-based system. (A) Schematic illustration of double-channel
fluorescence analysis. Simultaneous fluorescence imaging of miR-21 (Cy3, red fluorescence) and miR-125b (Cy5, green fluorescence) within HeLa cells or LO2 cells (B). The
average number of fluorescent GDPH spots per cell (FSs/cell) is shown in the right panels. (C) The high resolution images of the two regions boxed in (B). The PRC values in
Regions a and b are —0.511 and —0.551, respectively. Cell nuclei were stained with Hoechst. BPMB-21-qCy3 and BPMB-125b-qCy5 were used to recognize miR-21 and miR-

125b, respectively.

tion of PDCD4 by miR-21. The relative cell growth (RCG) of e-miR-
21-transfected cells, intact cells and Inhibitor-transfected cells are
227%, 168%, and 132%, respectively, 2 days post-transfection,
showing that cell proliferation is closely associated with intracellu-
lar miR-21 level detected by GDPH-based 3D-IFC assay. Fig. 4F
directly shows a good linear correlation between RCG and loga-
rithm of FSs/cell, demonstrating that GDPH-based 3D-IFC assay
possess the potential application in evaluating the cell proliferation
by counting the number of FSs fluorescently visualized inside cells.
In addition, inhibition of intracellular miR-21 causes the profound
suppression of the proliferation of HelLa cells, implying that the
timely targeted intervention at the cellular level is a promising
therapeutic direction for the prevention of cancer metastasis.

Calcein-AM assay also confirms the consistency between cell
viability and fluorescence signal offered by GDPH-based 3D-IFC
assay (Fig. S20). Moreover, GDPH-based 3D-IFC assay can be
employed to distinguish HeLa cells with different cell viabilities
coexisting in the same solution in individual cells as shown in
Fig. S21 (mixture of intact cells and miR-21-upregulated cells),
Fig. S22 (intact cells alone) and Fig. S23 (miR-21-upregulated cells
alone), where Calcein-AM for staining living cells and/or propidium
iodide (PI) for staining dead cells were used.

Predicting tumor metastasis by GDPH-based 3D-IFC technique

Since CTCs, as tumor cells present in the peripheral blood of
many cancer patients, are believed to be associated with tumor
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clinic prognosis and metastasis [48,49], we evaluated the potential
application of GDPH-based 3D-IFC assay in predicting the cancer
metastasis via using HeLa cells as model CTCs. For this purpose,
two groups of female BALB/c nude mice (~20 g body weight each)
were separately inoculated with two populations of HeLa cells
(1 x 107 cells per mouse) that were transfected with e-miR-21 or
Inhibitor, followed by measurement of tumor volume. The miR-
21expression level and cell viability of the two groups of HeLa cells
were estimated by GDPH-based 3D-IFC assay and CCK8-kit, respec-
tively. Fig. 5A shows 3D fluorescence images of cells treated with
GDPH-based system, while Fig. 5B describes the corresponding
miR-21 expression level tested by counting the number of fluores-
cent GDPH spots. The cell viability is quantitatively presented in
Fig. 5C. The in vitro scratch wound healing assay is shown in
Fig. S24, offering the comparative analysis of cell migration of the
two groups of Hela cells. Representative photos of tumor-bearing
mice and tumors harvested 39 days post-inoculation of cells are
shown in Fig. 5D, while tumor size is seen in Fig. 5E. As expected,
the e-miR-21-transfected HelLa cells have the stronger GDPH fluo-
rescence signal, exhibit the higher cell viability and possess higher
capability to cause the tumor formation than Inhibitor-transfected
cells, indicating that cancer metastasis can be predicted via analyz-
ing the miR-21-mediated aggressiveness of CTCs by GDPH-based
3D-IFC assay. Moreover, no tumor was formed in about half of the
mice inoculated with Inhibitor- transfected HeLa cells, evidencing
that GDPH-based 3D-IFC assay is a promising valuable tool for esti-
mating preventive treatments against tumor metastases.
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Fig. 4. Evaluating cell proliferation rate via counting miRNA by GDPH-based 3D-IFC assay. (A) Scheme for 3D fluorescent prediction of miRNA-mediated cell proliferation
by imaging in situ growth of GDPH initiated by miR-21 capable of inhibiting the expression of PDCD4 protein upon targeting the corresponding mRNA. (B) 3D fluorescence
imaging of miR-21 in HeLa cells separately transfected with exogenous miR-21 mimics (e-miR-21), Inhibitor and PBS and then cultured for 48 h. The average number of
fluorescent GDPH spots per cell (FSs/cell) is shown in the right panel. The expression of miR-21 and PDCD4 protein in the three groups of HelLa cells in (B) were analyzed by
qPCR (C) and western blot (D), respectively. NE: normalized expression; RFU: relative fluorescence units. (E) The corresponding relative cell growth (RCG) quantified by CCK8
assay. (F) The correlation between the relative cell growth (RCG) and logarithm of the value of FSs/Cell, which can be fitted to the following equation: RCG = 67.52 Log (FS
number) + 125.03. The correlation coefficient, R?, is 0.9974. The incubation time for cell culture was 48 h.

Conclusion

In summary, we propose a three-dimensionally (3D) counting
of intracellular fluorescent spots (3D-IFC) for quantitatively esti-
mating the expression level of miRNAs in individual cells by 3D flu-
orescence imaging based on the intracellular in situ assembly of
GDPH in a stimuli-responsive fashion. The fluorescence quantifica-
tion technique demonstrated in this study is important because of
its several attractive advantages. (i) In situ imaging of intracellular
target miRNAs. The assembled products show high nuclease-
degradation resistance and substantially-enhanced intracellularly
mobility, thus reflecting the intracellular original location and dis-
tribution; (ii) Simple and accurate fluorescence spot counts. Intra-
cellular GDPH assemblies are discrete objects with high spatial
resolution and the number is less than forty, making the counting
very easily. 3D fluorescence counts can ensure the sufficient infor-
mation on miRNA expression, displaying the superiority over 2D
fluorescence counts; (iii) Efficient signal amplification. Target

83

miRNA can be repeatedly recycled to trigger the GDPH assembly,
leading to the restoration of initially-quenched fluorescence emis-
sion of many BPMB probes; (iv) Simple probe design. Although an
efficient “SDA process is achieved, only one type of DNA probe is
involved in GDPH-based system because of palindromic fragment
is introduced into the end of BPMB; (v) Suitability for the in situ
imaging of protein biomarkers by utilizing targeting ligands. More-
over, the simultaneous detection of multiple targets can be con-
ducted within the same cell without any disturbance, while the
probe is designed only thought substituting the hairpin loop with
new recognition site. More significantly, GDPH probes have good
biocompatibility and do not cause cell damage. Therefore, GDPH-
based system is suitable for screening aggressive CTCs and predict-
ing the metastasis formation by estimating the cell viability at the
single-cell level, thus holding great potential for risk evaluation
and prevention of cancer metastasis. We expect that our work on
in situ imaging of intracellular miRNAs based on GDPH-based sys-
tem provides a valuable tool for evaluating the functions of disease
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Fig. 5. GDPH-based 3D fluorescence imaging of cells for predicting cancer metastasis. (A) 3D fluorescence images of HeLa cells transfected with e-miR-21 (left) or
Inhibitor (right) by GDPH-based system. (B) The average number of fluorescent GDPH spots per cell (FSs/cell) calculated from panel A. (C) The cell viability measured by CCK8
assay. (D) The representative pictures of tumor-bearing mice on the 39th day after subcutaneous injection of HeLa cells transfected with e-miR-21 or Inhibitor. The lower half,
representative photos of tumors harvested. (E) The tumor size (V) estimated by the formula: V = tumor lengthx(tumor width)?/2. The data were calculated from four
independent experiments. The experimental procedure is described in the Section of “Materials and methods”. The measured data are expressed as the means + SD (n = 4).

*P < 0.05, one-tailed paired t test.

biomarkers and in turn cellular behaviors (e.g., cell proliferation),
opening profound insight into further expansion of DNA structural
nanotechnology in the diagnosis and prevention of human cancers.
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