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Abstract

DNAzymes have been shown as a promising platform for metal ions detection and a few 

DNAzyme-based sensors have been reported to detect metal ions inside cells. However, these 
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methods required an influx of metal ions to increase their concentrations for detection. To address 

this major issue, we herein report the design of a catalytic hairpin assembly (CHA) reaction to 

amplify the signal from photocaged Na+-specific DNAzyme to detect endogenous Na+ inside 

cells. Upon light activation and in the presence of Na+, NaA43 DNAzymes cleave the substrate 

strands and release initiator DNA that trigger the followed CHA amplification reaction. This 

strategy has allowed detection of endogenous Na+ inside cells, which has been demonstrated by 

both fluorescent imaging of individual cells and flow cytometry of the whole cell population. This 

method can be generally applied to detect other endogenous metal ions and thus contribute to 

deeper understanding of the role of metal ions in biological systems.

Graphical Abstract

DNAzyme-Catalytic Hairpin Assembly (DzCHA) Probe: we designed a catalytic hairpin 

assembly (CHA) reaction to amplify the signal from photocaged Na+-specific DNAzyme cleavage 

to detect endogenous Na+ inside cells. Upon light activation and in the presence of Na+, NaA43 

DNAzymes cleave the substrate strands and release initiator DNA that can trigger the CHA signal 

amplification reaction.
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Metal ions play critical roles in numerous biological processes.[1] Metal ions both in excess 

and deficient can be detrimental to their normal functions. To gain a better understanding of 

the functions of these metal ions in biology, it is important to detect and monitor their 

concentrations inside cells. Towards this goal, a number of fluorescent probes, such as small 

molecule-based probes[2] and protein-based probes,[3] have been reported to detect metal 

ions inside cells. Despite the progress made, most current sensors can detect only a limited 

number of metal ions, such as Ca2+, Mg2+, and Zn2+. And methods that can be readily 

applied to detect a wide number of other metal ions remain a challenge.
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In order to meet this challenge, we and others have taken advantages of DNAzymes, which 

are DNA molecules that can catalyze chemical reactions in the presence of metal ions.[4] 

DNAzymes with high selectivity for almost any metal ion can be obtained from a large DNA 

library containing up to 1015 different sequences.[4–5] In the past decades, a number of 

DNAzymes have been selected and converted into sensors for metal ions, including Zn2+,
[5,6] Pb2+,[7] UO2+,[8] Cu2+,[9] Hg2+,[10] and other metal ions.[11] Recently, a few 

DNAzyme-based sensors have been applied to image metal ions in living cells.[12] However, 

a significant issue is that these reported methods need an additional influx of metal ions to 

increase their intracellular concentration to detect a response. To our knowledge, no current 

DNAzyme-based sensing method is capable of detecting endogenous intracellular metal 

ions, which is necessary to understand the roles of metal ions in biological systems.

To address the above issue, we herein report a novel method of amplifying the signal from 

DNAzyme-catalyzed cleavage using catalytic hairpin assembly (called DzCHA hereafter) to 

detect the low level of endogenous metal ions inside cells. CHA which was first reported by 

Pierce et al in 2008,[13] is an enzyme-free signal amplification method. Unlike other signal 

amplification methods using enzymes, such as rolling circle amplification (RCA),[14] and 

strand displacement amplification (SDA),[15] enzyme-free amplification methods achieve the 

amplification simply through DNA hybridization and strand displacement, making them 

ideally suitable for nucleic acids amplification in living cells.[16] To demonstrate the use of 

this DzCHA probe for detection of endogenous metal ions inside cells, we chose the Na+-

specific DNAzyme (NaA43) as a proof of concept. Sodium ions, one of the most abundant 

metal ions inside cells, are involved in many biological functions, including heart 

contraction, and signal transduction pathways.[17] Though the concentration of free Na+ in 

cells is range from 9~19 mM,[17a] the current NaA43 DNAzyme sensor cannot detect the 

endogenous Na+ inside cells.[12c] Therefore, it is necessary to develop a method which can 

realize the detection of endogenous Na+ in living cells.

As shown in Scheme 1A, the DzCHA probe consists of a Na+-specific NaA43 DNAzyme 

and CHA amplification triggered by the cleaved product of the DNAzyme. In the presence 

of Na+, the DNAzyme cleaves the substrate strand at the rA position, and releases the 

cleaved fragment (in red) from the substrate strand. The red fragment becomes the initiator 

DNA (I) for the CHA amplification using two hairpin DNA molecules (H1 and H2). In the 

absence of the free initiator DNA, the H1 and H2 remain intact because the cross-reactivity 

is blocked by their intramolecular hybridization to form loops. Once the initiator DNA (I) is 

released, it will bind to H1 through toehold-assisted hybridization to open H1. The generated 

single stranded portion on H1 then serves as a second toehold to initiate strand displacement 

reaction to open H2, generating the fluorescence signal turn-on. As a result of forming a 

stronger duplex between H1 and H2, I fragment is then released from H1 and catalyze the 

next round of CHA reaction, thus one I fragment is able to generate multiple signal outputs, 

realizing the goal of signal amplification for endogenous Na+ detection.

The feasibility of DzCHA probe was first verified in buffer. As shown in Figure 1A, in the 

absence of Na+, the DzCHA probe displayed low background fluorescence signal (pink 

line). In the presence of 100 mM Na+, the fluorescence intensity increased by ~4-fold (green 

line), indicating the Na+-specific cleavage and followed CHA reaction. Probes with a non-
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cleavable NaA43 DNAzyme (blue line) or control H1 (black line), used as negative controls, 

showed low signals. A study of this DzCHA probe using 12% native polyacrylamide gel 

electrophoresis (PAGE) further confirmed the above results. (Figure S1).

To determine if the DzCHA probe could detect Na+ in buffer quantitatively, we measured its 

fluorescence spectra in different concentrations of Na+. As shown in Figure 1B, the 

fluorescent signals increased with increasing Na+ from 0.1 mM to 100 mM. The fluorescent 

signal intensity at 661 nm increased linearly with the target Na+ concentration ranging from 

0.1 mM to 12 mM (Figure 1C). From the data, a limit of detection (LOD) of 14 μM was 

obtained (3σ/slope rule). This high sensitivity suggested that this probe has the potential to 

detect endogenous Na+ inside cells. The selectivity of this DzCHA was next investigated. As 

shown in Figure 1D, the fluorescence signal in presence of Na+ was at least ~15 times higher 

than those in the presence of other metal ions, demonstrating excellent selectivity for Na+ 

against other metal ions. Furthermore, the DzCHA probe showed an excellent specificity to 

the released initiator DNA strand with a capability of differentiating single nucleotide 

polymorphisms (Figure S2). A further investigation of real-time fluorescence responses 

revealed that initial rates of fluorescence increase were also dynamically correlated to Na+ 

concentrations (Figure S3). Because the initial rate of fluorescence increase could be 

obtained within 5 min, these rates might also be used as a measure for quantifying Na+ 

concentrations or following the concentration changes.

In order to prevent cleavage of the NaA43 DNAzyme during the cellular delivery process 

and achieve controlled activation of the DzCHA probe, the substrate strand of the NaA43 

DNAzyme was photocaged,[12b,c] in which the adenosine ribonucleotide (rA) at the scissile 

site was replaced by a photocaged group (PG), 2′-O-nitrobenzyl adenosine (Figure S4–S5). 

Upon light irradiation at 365 nm, the PG was removed from the substrate strand, restoring 

the 2′ hydroxide of the ribonucleotide and thus allowing the substrate to be cleaved by the 

DNAzyme (Scheme 1B). The effectiveness of this photo-caging strategy was demonstrated 

by fluorescence spectra (Figure S6).

To test the performance of this probe in a complex matrix, the probe was incubated with cell 

lysate at 37 °C for 3 h. As shown in Figure S7, the decaged NaA43 DzCHA probe showed a 

~3-fold fluorescence signal increase over the caged NaA43 DzCHA. In contrast, both the 

non-cleavable and inactive NaA43 DzCHA showed minimal fluorescence signal increase, 

suggesting not only high selectivity of the DzCHA probe, but also good stability for 

applications inside the cells.

Having demonstrated the ability of the DzCHA probe in buffer, we next investigated its 

application to detect endogenous Na+ ions in living cells. A cationic polypeptide named G8 

that belongs to the α-helical cationic polypeptide family,[12c,18] with an ability to escape 

from endosomes or lysosomes, was chosen as the transfection agent for the DNA delivery in 

this work. To confirm localization of the probe inside cells, only Cy5 labeled probe was used 

and delivered using the G8 polypeptides. As shown in Figure 2, the fluorescence of Cy5 

highly overlapped with ER Tracker and did not co-localized well with Lyso Tracker Red, 

suggesting that the DzCHA probe was mainly located in the cytosol. A Z-stack imaging 
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analysis was further performed to confirm that the DzCHA probe is located inside the cells 

(Figure S8).

Given the fact that G8 polypeptides serve as an efficient DNA transfection agent, we used it 

to transfect the caged NaA43 DzCHA probe into HeLa cells for endogenous Na+ detection. 

After decaging, the fluorescence insides cells increased after a 3 h reaction (Figure 3A). 

Under the same condition and during the same period, the non-cleavable DzCHA probe 

showed no obvious fluorescence increase inside the cells (Figure 3B). To ensure that the 

fluorescence increase was solely due to the Na+ specific response, an inactive caged NaA43 

DzCHA probe was used as a negative control. As shown in Figure S9, after 3 h reaction, no 

obvious fluorescence signal increase was observed, confirming that the fluorescence signal 

increase observed from the caged active DzCHA probe was due to the Na+ specific 

DNAzyme cleavage and followed by CHA amplification reaction.

To ensure the results from confocal microscopy imaging apply to the entire cell population, 

we examined the fluorescence of the DzCHA probe in a large cell population using 

analytical flow cytometry. As shown in Figure S10, the active caged NaA43 DzCHA probe 

exhibited a fluorescence signal peak shift, while the inactive caged NaA43 DzCHA or non-

cleavable NaA43 DzCHA probes showed no obvious peak shift. We also calculated the 

mean fluorescence intensities of these three DzCHA probes. The caged active NaA43 

DzCHA probe displayed a fluorescence signal increase over the caged inactive DzCHA (3.5-

fold) and the non-cleavable DzCHA probe (6.3-fold). Therefore, the flow cytometry results 

were in strong agreement with the confocal imaging results, suggesting the successful 

detection of endogenous Na+ by the NaA43 DzCHA probe.

To further verify that this probe could be used to monitor Na+ concentration change inside 

cells, we used gramicidin D, monensin, and ouabain to increase the sodium concentration 

inside cells. The use of these molecules in combination is known to equilibrate the 

intracellular and extracellular Na+ concentration in a short time.[19] Compared to HeLa cells 

without influx of Na+, cells with influx of Na+ displayed an obvious increase of fluorescence 

intensity with increasing Na+ concentrations (Figure 4A–B and Figure S11C). Cells with 

influx of Na+ showed ~1.9-fold average fluorescence intensity increase (Figure 4C). The 

results were further confirmed using flow cytometry assay on a large population of cells 

(Figure 4D and Figure S11A), and the peak intensities of the flow cytometry profiles were 

correlated to the concentrations of Na+ inside a series of cell standards (Figure S11B). 

Together, these results demonstrated that this DzCHA probe can be used as an effective 

strategy for not only quantifying endogenous Na+ concentrations, but also monitoring Na+ 

concentration changes in living cells.

In conclusion, we have developed and demonstrated a DzCHA probe to detect endogenous 

metal ions in living cells by combining the Na+-specific DNAzyme with CHA reaction. To 

our knowledge, this work is the first design of a signal-amplified DNAzyme sensor for living 

cell imaging and the first application of DNAzyme sensor for imaging endogenous 

intracellular metal ions. Since DNAzymes selective for other metal ions have been reported 

and these DNAzymes often share a similar secondary structure and reaction mechanism,
[4,11] the method demonstrated here potentially can be applied as a general strategy to 
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improve the sensitivity of any DNAzyme-based sensor for detection of metal ions at low 

concentrations. As a result, the application of DNAzymes can be expanded for imaging 

many metal ions in biology, which will provide deeper understanding of the role of metal 

ions in biological systems.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Feasibility, sensitivity and selectivity of the NaA43 DzCHA probe. (A) Fluorescence spectra 

of the DzCHA probe with control H1 (black), non-cleavable NaA43 DzCHA probe (blue), 

DzCHA probe in buffer without Na+ (pink), and DzCHA probe in buffer with 100 mM Na+ 

(green). (B) Fluorescence signal increase of the sensor over different concentration of Na+, 

ranging from 0, 0.1, 0.5, 1, 4, 6, 9, 12, 15, 20, 30, 40, 100 mM. (C) Plot of fluorescence 

intensity versus Na+ concentration. The inset shows a magnification of the linear region. 

Error bars represent the SD from three independent experiments. (D) Response of the probe 

to different competing metal ions. The mono-, di-, and trivalent metal ion is 30 mM, 1 mM, 

and 0.1 mM, respectively.
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Figure 2. 
Intracellular co-localization of DzCHA probe with ER Tracker (A) and Lyso Tracker (B). 

Scale Bar: 20μmm.
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Figure 3. 
Intracellular imaging of HeLa cells transfected with active caged DzCHA probe (A) and 

non-cleavable DzCHA probe (B). Scale Bar: 20μmm.
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Figure 4. 
Confocal images of HeLa cells transfected with active caged NaA43 DzCHA probe without 

(A) or with (B) influx of 50 mM Na+. (C) The mean fluorescence intensity was measured 

using 10 confocal images for each condition. (D) Flow cytometry assay of the cells without 

or with influx of 50 mM Na+. 10,000 cells were counted for each sample. Black line 

represents the sample without influx of Na+, red line represents the sample with influx of Na
+.

Wu et al. Page 11

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2018 July 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scheme 1. 
Design of a DNAzyme-Catalytic Hairpin Assembly (DzCHA) Probe for Endogenous 

Sodium Ions Detection.
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