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a b s t r a c t

The development of amplification strategies is one of the central challenges for detection of low-

abundance targets. One-to-many (1:M) amplification strategies in which one target lights many signal

probes, has improved the detection sensitivity in bulk solution, but with discounted contrast in cell imag-

ing, because the lighted probes are dissociative and dispersible. In this work, a one-to-large (1:L) signaling

mechanism, in which the lighted probes were orderly connected to each other, was conceptually pro-

posed to enhance the contrast in cell imaging by avoiding signal dispersion in amplification. Accordingly,

target-triggered hairpin-free chain-branching assembly (HFCBA) holds great potential to implement the

1:L mechanism, but using it in cell imaging has yet to be demonstrated. As a proof of concept, a group

of probes were first programmed to implement miRNA-21-triggered HFCBA. After transfection of probes,

gradually-growing signal flares in cells were monitored along with the growth of DNA dendrimers; and

the in situ fluorescence accumulation in HFCBA resulted in highly-enhanced contrast to the surrounding

by avoiding signal dispersion in amplification. The contrast-enhanced imaging with signal amplification

is significant for biological analysis and molecular medicine. We expect the 1:L mechanism will provide

a new thought for high-performance imaging of biomarkers in cells.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Cells comprise a large variety of bio-molecules, whose config-

urations and concentrations are always precisely controlled in a

healthy state, but the variation in the expression level of a certain

functional bio-molecule is generally related to diseases [1,2]. For

example, over-expression of small microRNA (miRNA) is found to

associate with the growth and progression of cancer [3–5]. Thus,

the development of selective technologies to report the behaviors

of intracellular molecules of interest is significant for biology and

medicine. By virtue of its relatively high-resolution, non-radiation

and safe-detection, fluorescent imaging has been greatly promoted

and used for the acquisition of intracellular biochemical informa-

tion [6–11].
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Design of fluorescent probes for cell imaging has primarily re-

lied on the one-to-one (1:1) signaling mechanism, in which one

target binds with one probe, resulting in one signal (Scheme 1,

a1) [12–16]. One-to-one imaging strategy can respond to targets at

high concentrations and produce an elevated signal with reference

to the surrounding, but it is not able to monitor fluctuation of tar-

get amount at low-abundance levels [17,18]. Thus, amplification-

based imaging strategies are required to solve the challenge, and

the one-to-many (1:M) signaling mechanism has been developed,

in which one target triggers a cascade of reactions between probes,

resulting in many signals (Scheme 1, a2) [17,19]. Especially with

the advance of isothermal amplification techniques in the past

years, various strategies have been even reported for 1:M imag-

ing of biomarkers in living cells, not only for sensitive detection in

fixed cells or cell lysate, based on dynamic DNA self-assembly [20–

22], fuel stimulants [23,24], and DNAzyme motors [25–27]. Un-

doubtedly, the 1:M mechanism can really improve the signaling
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Scheme 1. (a) Schematic illustration of different signaling strategies. a1, one-to-one (1:1) signaling mechanism with low sensitivity; a2, one-to-many (1:M) strategy with

signal amplification but low contrast in imaging; a3, one-to-large (1:L) strategy with signal amplification and high contrast in imaging. (b) Schematic illustration of target-

triggered growth of DNA dendrimers as a 1:L strategy for contrast-enhanced imaging of miRNA in living cells, by avoiding signal dispersion in amplification.

sensitivity towards the target at low concentration in bulk solu-

tion. However, one can see that the lighted probes in 1:M signal-

ing model are generally dissociative and can easily diffuse apart,

resulting in signal dispersion and discounted contrast in imaging

[18,21,22,24,25,28], which is impeditive for high-resolution and in

situ analysis [29–31]. Here, a one-to-large (1:L) signaling mecha-

nism is proposed to enhance the contrast in cell imaging. In 1:L

amplification, one target is designed to trigger a cascade of reac-

tions between probes, the lighted probes connect orderly to each

other, forming a larger and larger nanostructures with bright flu-

orescence. The larger structure holds lower mobility, and the fluo-

rescence accumulation from connected probes displays enhanced-

contrast to the surrounding (Scheme 1, a3).

In comparison to hairpin DNA-based dynamic self-assembly

(e.g., hybridization chain reaction), hairpin-free chain-branching as-

sembly (HFCBA) increases the stability of the assembled prod-

ucts and allows very flexible sequence design [32–34]. In addition,

HFCBA holds great potential to meet the criterion of 1:L signal-

ing mechanism, but using it in cell imaging has yet to be demon-

strated. In this work, to establish a prototype of the 1:L signal-

ing mechanism for contrast-enhanced imaging by avoiding signal

dispersion, miRNA-21, which is an intracellular biomarker of ma-

lignant tumors [26], is selected as the model target; a group of

metastable DNA probes including two double-stranded modules

(A and D) and two single-stranded fuels (B and E) are first pro-

grammed to implement HFCBA in living cells (Scheme 1b). The

modules and fuels are co-delivered into cytoplasm by using the

highly efficient transfection approach. The target T hybridizes to

the exposed toehold of module A and initiates a cascade of strand

displacement reactions. As a result, the BHQ2-modified strands of

modules A and D are eliminated to form byproducts C and F,

with the assistance of fuels B and E. The TAMRA-modified strands

of modules A and D assemble together to form DNA dendrimers

with lighting of fluorescence. With the process of target-triggered

strand displacement reactions, the DNA dendrimer grows gradu-

ally. In this way, many lighted fluorophores are connected to the

target root, with signal accumulation at one site. Thus, via target-

triggered growth of fluorescent DNA dendrimers in living cells,

contrast-enhanced imaging should be realized in this 1:L mecha-

nism by avoiding signal dispersion in amplification.

Target-triggered growth of DNA dendrimers by HFCBA was first

characterized. Modules A and D were prepared respectively by an-

nealing the mixture of the TAMRA-labeled strand (10 μmol/L) and

the BHQ2-labeled strand (10 μmol/L), which was heated to 95 °C
for 5 min and cooled slowly to room temperature. From polyacry-

Fig. 1. Feasibility verification of target-triggered growth of DNA dendrimers. (a)

Electrophoresis characterization of target-triggered growth of DNA dendrimers, as a

step-by-step procedure. (b) Fluorescence spectra of the system in the absence (black

curve) or presence of the target (red curve). The excitation wavelength of TAMRA

was set at 542 nm, and its maximum emission at 582 nm was measured. The insert

was the corresponding image under UV irradiation. AFM imaging of HFCBA products

in the absence of the target (c) and in the presence of the target (d).

lamide gel electrophoresis (Fig. 1a), with the sequential introduc-

tion of modules (A and D) and fuels (B and E), one can see that

the modules gradually assembled to larger complexes with slower

electrophoresis motion, and that the fuels displaced the BHQ2-

labeled strands of modules to form by-products (C and F). The

response of fluorescence signal to the target was also measured

(Fig. 1b). In the absence of the target, the detection system dis-

played very low fluorescence signal after incubation for 4 h (black

curve); while the system with 20 nmol/L target displays strong flu-

orescence emission of TAMRA after growth of DNA dendrimers (red

curve), indicating successful HFCBA triggered by the target. In ad-

dition, only in the presence of all designed modules and fuels, the

HFCBA amplification system could work well, much weaker fluo-

rescence response would be detected for the target if there was a

lack of any unit (Figs. S1 and S2 in Supporting information). Thus,

these results demonstrated a good feasibility for target-triggered

growth of DNA dendrimers as our design. To further visually con-
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Fig. 2. Target detection in bulk solution by the proposed strategy for the target. (a)

Electrophoresis characterization of growth products induced by the target of differ-

ent concentrations. (b) Fluorescence spectra as the increase of the target concen-

tration. (c) Signal-to-background (F/F0) towards different targets. The insert was the

corresponding image under UV irradiation, the detected concentration of each DNA

was 20 nmol/L. (d) Real-time monitoring of fluorescence responses in PBS buffer

and the complex biological fluid (red blood cell lysate).

firm target-triggered growth of DNA dendrimers, the assembled

complexes were imaged by atomic force microscope (AFM). In the

absence of the target, only tiny spots were shown in the AFM im-

age (Fig. 1c). In contrast, after incubation with the target, large

branched structures were observed (Fig. 1d), which was visual ev-

idence that the target-triggered growth of DNA dendrimers indeed

took place as expected, and in consistent with the above results.

Then, effects of some important conditions on target-triggered

growth of fluorescent DNA dendrimers were investigated to get

better performance before application of this signaling mecha-

nism for target detection in vitro and in cells. As show in Fig. S3

(Supporting information), with the increase of assembly time un-

til 4 h, the bands A and D in electrophoresis became weaker and

weaker, the bands C and F became brighter and brighter, indicating

the gradual consumption of models and generation of by-products

along with the target-triggered growth of fluorescent DNA den-

drimers. Subsequently, assembly temperature, module concentra-

tion and the ratio of module to fuel were optimized by the manner

of signal-to-background ratio (F/F0), where F0 was the fluorescence

intensity of the detection system in the absence of the target, and

F was that in the presence of the target. One can see that there

was relatively-good detection performance under both room tem-

perature (25 °C) and physiological temperature (37 °C) (Fig. S4 in

Supporting information). 100 nmol/L model A was optimal when

a relatively-low target concentration (20 nmol/L) was used and the

ratio of model A to D was set at 1:2 (Fig. S5 in Supporting informa-

tion). The increase of fuel strands amount could obviously improve

the signal-to-background ratio, and a ratio (module to fuel) of 1:3

was selected for further detection system (Fig. S6 in Supporting in-

formation).

Subsequently, the capability of the proposed 1:L mechanism to

detect the target miRNA-21 was investigated. As shown in the gel

electrophoresis (Fig. 2a), when in the absence of the target, only

the bands of modules (A and D) and fuels (B and E) were imaged

in the gel. However, when a low-concentration target (1 nmol/L)

was introduced into the 1:L detection system, a bright band in-

dicating a lager assembly product appeared in the injection port,

accompanied with the generation of by-products (C and F). Along

Fig. 3. Real-time imaging of miRNA-21 in MCF-7 cancer cells after incubation with

probes-loaded liposome for different time.

with the increase of the target concentration, other bands indicat-

ing products of different weight were observed, which was due

to the fact that more targets induced more DNA dendrimers, but

the amount of substrates was fixed, thus resulting in smaller den-

drimers. The response of fluorescence signal to the target of differ-

ent concentrations was also measured. Fluorescence emission in-

tensity of TAMRA at 582 nm climbed up gradually with the in-

crease of target concentration (Fig. 2b). The relationship between

the fluorescence intensity and the target concentration was shown

in Fig. S7 (Supporting information), there was a linear range from

10 pmol/L to 20 nmol/L, R2 = 0.9918, the detection limit (LOD) was

calculated to be 0.66 nmol/L based on the three times of the stan-

dard deviation of the blank signal (3σ ). The selectivity towards the

target was investigated by detecting different sequences, including

base mismatching, lacking, adding and random sequence. From Fig.

S8 (Supporting information) and Fig. 2c, there was little interfer-

ence from control sequences and a good selectivity was demon-

strated for target detection.

Before exploring the ability of the 1:L signaling mechanism for

contrast-enhanced imaging of miRNA-21 in living cells, the nu-

clease resistance of DNA moieties and target-triggered DNA den-

drimers was first investigated. As shown in Fig. S9 (Supporting in-

formation), all DNA moieties and DNA dendrimers displayed good

nuclease resistance when treatment with 0.5 U/mL DNase I, this

was due to the incorporation of locked nucleic acid (LNA) nu-

cleotides in each DNA. Then, the response to the target in the com-

plex biological fluid was investigated. The red blood cell lysate was

used as a complex biological fluid. The fluorescence intensity at

582 nm with adding the target into the lysate was much higher

than that in the absence of the target, and the time-dependent flu-

orescence responses to the introduction of the target in both cell

lysate and PBS buffer were almost the same (Fig. 2d), indicating

that the target-triggered HFCBA growth of fluorescent DNA den-

drimers could be applied for target detection in the complex bio-

logical fluid. After that, the cytotoxicity of the 1:L system was in-

vestigated, high viability of MCF-7 and L0–2 cells after incubation

for different time (12, 24, 36 h) proved a good biocompatibility of

the 1:L system (Fig. S10 in Supporting information).

Subsequently, the proposed amplification mechanism was ap-

plied for in situ imaging of miRNA-21 in living cells. The mixture

of modules and fuels was transfected into cell by liposome 3000.

Co-localization experiments with tracking dyes showed that the

fluorescent DNA dendrimers located in the cytoplasm (Fig. S11 in

Supporting information). Along with incubation of probes-loaded

liposome, real-time fluorescence imaging was carried out for MCF-

7 cancer cells, in which miRNA-21 is over expressed. As shown

in Fig. 3, one can see that the fluorescence signal in images was

present as point-like distribution, and the size of signal flares be-

came larger and larger with the increase of incubation time, in-

dicating the target-triggered gradual growth of fluorescent DNA
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Fig. 4. (a) The z-stack images of MCF-7 cells after miRNA-21-triggered HFCBA for

4 h. (b) An enlarged image of MCF-7 cells after miRNA-21-triggered HFCBA. (c) The

fluorescence intensity corresponding to the dotted lines in (b).

Fig. 5. Comparison of tow imaging manners including one-to-large signaling (up)

and dissociative signaling (down). The one-to-large signaling was in situ imple-

mented in living cells via miRNA-21-triggered HFCBA. The dissociative signaling as

a control was executed by transfecting the annealing product of the target and its

molecular beacon at a 1:1 ratio. The concentration of the molecular beacon was

equal to the sum of modules (A and D), whose fluorophore TAMRA was at a low

total concentration of 12.6 nmol/L in transfection.

dendrimers in living cells. By virtue of the one-to-large signal-

ing mechanism, the signal flares had clear boundaries to the sur-

rounding; negligible signal dispersion was observed along with the

signal growth. Thus, contrast-enhanced cell imaging was achieved

in amplification. To visualize the cellular localization of the sig-

nal flares, z-stack imaging of MCF-7 cells after incubation with

the 1:L system for 4 h was performed (Fig. 4a). As the move-

ment of the confocal plane, the fluorescence signal changed to be

stronger and then weaker, indicating the intracellular localization

of the signal flares. The discrete distribution of fluorescence inten-

sity in cells further verified the one-to-large amplification mecha-

nism with high contrast (Figs. 4b and c).

Finally, the proposed 1:L signal mechanism was applied to vi-

sualize target miRNA-21 in different cells. A cancer cell line (MCF-

7) and a control normal cell line (L0-2) were used. Same amount

of models and fuels were transfected into cells and incubated in

37 °C incubator for 4 h, and then fluorescence imaging was car-

ried out. Even if the total concentration of fluorophore TAMRA was

low to 12.6 nmol/L in transfection, independent fluorescence flares

that were highly contrast-enhanced to the surrounding were ob-

served in MCF-7 cells, due to high-expression of miRNA-21 in them

(Fig. 5, up); while no fluorescence signal was recorded in normal

L0-2 cells (Fig. S12 in Supporting information). As a comparison, a

group of dissociative probes was also transfected into cells, obvious

signal dispersion and low contrast were observed from the disso-

ciative signaling (Fig. 5, down). The in situ detection capability for

miRNA-21 in living cells was also verified by flow cytometry. Com-

pared with the blank, high statistical signal was obtained towards

cancer cells, while negligible signal towards L0-2 cells (Fig. S13 in

Supporting information), which were consistent with the results

from confocal imaging. Therefore, the proposed 1:L signal mech-

anism based on target-triggered HFCBA growth of fluorescent DNA

dendrimers has been successfully exploited for target detection in

living cells, with contrast-enhanced imaging.

In summary, a one-to-large (1:L) signaling mechanism, in which

one target can not only light a series of probes and the lighted

probes also connect to each other through the HFCBA strategy to

form larger and larger fluorescent DNA dendrimers, was proposed

to enhance contrast in cell imaging by avoiding signal dispersion in

amplification. To establish a prototype of this mechanism, a strat-

egy based on hairpin-free chain-branching assembly was devel-

oped to detect the cancer biomarker miRNA-21. A group of probes

to execute this strategy were designed and their sequences were

reasonably programmed. Results verified there was a good perfor-

mance including sensitivity and selectivity for the target detection

in both buffer and biological fluid. Especially, in situ growth of sig-

nal flares was monitored in cancer cells and highly-enhanced con-

trast to the surrounding was imaged, which is importantly signifi-

cant for life analysis and molecular medicine.
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