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ABSTRACT: Manganese is an essential trace element in the human body that acts as a cofactor
in many enzymes and metabolisms. It is important to develop methods to detect Mn2+ in living
cells. While fluorescent sensors have been very effective in detecting other metal ions, Mn2+-
specific fluorescent sensors are rarely reported due to nonspecific fluorescence quenching by the
paramagnetism of Mn2+ and poor selectivity against other metal ions such as Ca2+ and Mg2+. To
address these issues, we herein report in vitro selection of an RNA-cleaving DNAzyme with
exceptionally high selectivity for Mn2+. Through converting it into a fluorescent sensor using a
catalytic beacon approach, Mn2+ sensing in immune cells and tumor cells has been achieved. The
sensor is also used to monitor degradation of manganese-based nanomaterials such as MnOx in
tumor cells. Therefore, this work provides an excellent tool to detect Mn2+ in biological systems
and monitor the Mn2+-involved immune response and antitumor therapy.
KEYWORDS: in vitro selection, DNAzymes, Mn2+, high selectivity, fluorescence imaging

■ INTRODUCTION
Manganese is an essential metal ion in all forms of life by
playing key roles in a wide range of biological processes.1 For
example, manganese participates as a cofactor in diverse classes
of enzymes, especially manganese catalase (MnCAT) and
manganese superoxide dismutase (MnSOD).2−4 In recent
years, Mn2+ has been shown to be directly activate cGAS or
increase the sensitivity of cGAS to double-stranded DNA and
augment STING activation in innate immunity, which is
critical for the host defense against DNA viruses.5,6 Moreover,
an increasing number of manganese-based nanomaterials are
developed and widely used in antitumor therapy based on their
good response to the tumor microenvironment, which is
always accompanied by the production of large amounts of
Mn2+.7−10 However, disorder of manganese metabolism,
especially excessive intake of manganese, could cause severe
neurological damages, such as Parkinson’s disease.11 Given the
presence of Mn2+ in many biological processes and the risk of
manganese intoxication, it is necessary to develop Mn2+
sensors to probe the location and distribution of Mn2+ in
biological systems.
To image metal ions in biological systems, fluorescent

sensors have been widely used due to their advantages of high
sensitivity, subcellular resolution, and rapid response.12,13 As a
result, a number of fluorescent probes have been developed for
detecting diverse metal ions in living cells, such as Ca2+,14,15

Mg2+,16−18 Zn2+,19−21 Cu2+,22−24 and Fe2+.25 Mn2+-specific
fluorescent sensors, however, are rarely reported. One major
issue is that paramagnetic nature of Mn2+ could induce
nonspecific fluorescence quenching,26,27 which makes it

difficult to design Mn2+-responsive fluorescent molecular
probes. To address this issue, genetically encoded fluorescent
sensors for Mn2+ engineered from lanmodulin, called
MnLaMP1 and MnLaMP2, have recently been reported.28

While it is an exciting advance in the field, the reported
selectivities of MnLaMP1 against Ca2+, Mg2+, and Zn2+ are
5.5-, 48-, and 0.3- fold, respectively. Considering that cellular
labile Mn2+ concentration is normally in a low micromolar
range, while Ca2+ in the endoplasmic reticulum (ER) can reach
hundreds of micromolar level29 and Mg2+ in many cell
locations can reach the millimolar level,30 the application of
MnLaMP1 is limited to imaging Mn2+ in bacteria, and it has
not been successfully applied to mammalian cells. Further
endeavor in improving the selectivity resulted in MnLaMP2,28

but the drifted FRET response and higher background in
detection have prevented this selective sensor from being
applied for any cellular imaging. Therefore, it is very important
to develop Mn2+-specific fluorescent “turn-on” sensors with
high selectivity and a tunable response range for cellular and in
vivo applications.
To overcome the above limitations, we are interested in

developing DNAzyme-based fluorescent sensors. DNAzymes, a
class of DNA molecules that display enzymatic activity such as
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RNA cleavage,31−33 were first discovered by Breaker and Joyce
in 1994 through a combinatorial process called in vitro
selection.34 Using this strategy, we and others have selected
many metal ion-specific DNAzymes and turned them into
fluorescent sensors, including UO2

2+,35,36 Zn2+,37,38 Pb2+,39

Mg2+,40,41 Co2+,42 Cu2+,43 Cd2+,44 Hg2+,45 Ag+,46 Na+,47,48

Li+,49 Cr3+,50 and lanthanides.51 A major advantage of
DNAzymes for sensing metal ions is that they can be acquired
without prior knowledge of specific metal−DNA interaction or
potential metal ion binding sites because metal-specific
DNAzymes can be selected from a large library of DNA
molecules,52 similar to small-molecule DNA aptamer iso-
lation.53,54 In addition, the binding affinity of specific metal
ions to the potential DNAzymes can be enhanced by tuning
the stringency of selection pressure for a tunable dynamic
range,55 while the metal selectivity can be improved by
introducing negative or counter selection against competing
metal ions through the in vitro selection process.56,57 More
importantly, these DNAzymes can be converted into
fluorescent sensors using a catalytic beacon approach that
allows separation of the metal-binding site and fluoro-
phore,58,59 avoiding the metal-based fluorescence quenching
and resulting in fluorescence turn-on sensors. Finally, their
good biocompatibility makes DNAzyme-based fluorescent
sensors an ideal tool for detecting metal ions in living cells.
In this study, we report in vitro selection and character-

ization of an RNA-cleaving DNAzyme with exceptionally high
selectivity for Mn2+ over other competing metal ions, especially
Ca2+ and Mg2+. We converted it into a fluorescent turn-on
sensor based on the catalytic beacon approach and
demonstrated its good activity and selectivity in the selection
buffer. Through adopting an efficient DNAzyme delivery
method by lipofectamine 3000, Mn2+ sensing in immune cells
and tumor cells was achieved. Degradation of manganese-
based nanomaterials such as MnOx in tumor cells was also
observed. Therefore, this work provides an excellent tool for
Mn2+ detection in biological systems and monitoring of the
Mn2+-involved immune response and antitumor therapy.

■ RESULTS AND DISCUSSION

In Vitro Selection of Mn2+-Specific DNAzymes

To acquire Mn2+-specific DNAzymes, we carried out a gel-
based in vitro selection using a method reported previ-
ously.35,47 A 110-mer oligonucleotide containing a 50-nt
random sequence was designed as the selection library (Figure
S1). A single adenosine ribonucleotide (rA) was incorporated
in the 5′-conserved region as the intended cleavage site. Two
distinct pairing regions were designed to confine the folded
random region to be in proximity of the rA cleavage site. The
selection procedure was performed as shown in Figure S2.
Initially, the selection pools were incubated in selection buffer
(50 mM Bis-Tris, 300 mM NaCl, pH 6.8) for 2 h as the
negative selection to remove DNAzymes that would cleave or
degrade in the buffer. Uncleaved DNA sequences were purified
by the polyacrylamide gel electrophoresis (PAGE) and further
incubated with 500 μM Mn2+ for 2 h as the positive selection.
Next, two steps of PCR amplification were carried out to
regenerate selection pools for the next round of selection. To
improve the selectivity of the selection pools to Mn2+ over
other competing divalent metal ions, from Round 8, the
negative selection was replaced with counter selection, which
selects against the metal mix of those competing metals (500

μM Zn2+, 500 μM Cu2+, 100 μM Pb2+, 10 mM Mg2+, and 10
mM Ca2+). To search for more efficient DNAzymes, we
gradually decreased the positive reaction time from 2 to 0.5 h
to improve the selection stringency (Figure S3). Gel-based
activity assays were carried out to monitor the selection
progress and enrichment of the DNA pools with Mn2+-specific
DNAzymes. High activity of the DNA pools from Round 11
was observed (Figure S4). Then, it was chosen for sequencing.
After performing activity assays on the obtained sequences,
one sequence with the highest selectivity was enriched and
named 11-5 DNAzyme.
Sensitivity and Selectivity of 11-5 DNAzyme
The secondary structure of the cis-cleaving 11-5 DNAzyme
was predicted by the UNAFold web package and is re-drawn in
Figure 1A. We could see that part of the obtained 11-5

DNAzyme is in the form of classic DNAzyme structure. Its
activity to Mn2+ was first proved using GelRed-stained PAGE
gels, and its RNA-cleaving feature was also confirmed (Figure
S5). Then, we investigated its selectivity to Mn2+ over other
metal ions. As shown in Figure S6, 14 competing metal ions
were separately incubated with 11-5 DNAzyme for 2 h. They
all exhibited negligible cleavage signals, suggesting its high
selectivity for Mn2+. We converted the 11-5 DNAzyme into the
trans-cleaving structure through truncation and rational design
of substrate binding sequences (Figure 1B). The strand that
contains rA is the substrate, and the other strand is the enzyme.
Activity of the trans-cleaving 11-5 DNAzyme was carried out in
the presence of different concentrations of Mn2+ and quantified
using a 32P-radiolabeled PAGE assay (Figure 1C). Under 500
μM of Mn2+ in the selection buffer at room temperature, it
displayed an initial observed rate constant (kobs) of 0.086
min−1.

Figure 1. Sequences and activities of the in vitro selected Mn2+-
specific 11-5 DNAzyme. Secondary structure of 11-5 DNAzyme in its
cis-cleaving form (A) and trans-cleaving form (B). (C) Activity of the
trans-cleaving 11-5 DNAzyme in the presence of Mn2+ at different
concentrations from a 32P-radiolabeled PAGE assay.

JACS Au pubs.acs.org/jacsau Article

https://doi.org/10.1021/jacsau.3c00062
JACS Au 2023, 3, 1615−1622

1616

https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00062/suppl_file/au3c00062_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00062/suppl_file/au3c00062_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00062/suppl_file/au3c00062_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00062/suppl_file/au3c00062_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00062/suppl_file/au3c00062_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00062/suppl_file/au3c00062_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00062/suppl_file/au3c00062_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00062/suppl_file/au3c00062_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00062?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00062?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00062?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00062?fig=fig1&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.3c00062?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


11-5 DNAzyme-Based Fluorescent Sensor
To further evaluate the sensitivity of the trans-cleaving 11-5
DNAzyme for Mn2+ detection, we converted it into a turn-on
fluorescent sensor through labeling the substrate strand with a
Cy5 fluorophore at its 5′ end and labeling the enzyme strand
with a BHQ2 quencher at its 3′ end. To minimize background
fluorescence, a second BHQ2 quencher was additionally added
at the 3′ end of the substrate strand. To form the sensor, the
substrate and enzyme strands were mixed in the selection
buffer and annealed by heating the solution to 95 °C in a water
bath for 5 min followed by slowly cooling down to room
temperature overnight. As a result, the fluorescence signal was
greatly quenched owing to the close proximity of the
fluorophore in the substrate strand and the quencher in the
enzyme strand (Figure 2A). In the presence of Mn2+, the

substrate strand was cleaved at the rA site, and the shorter arm
labeled with the Cy5 fluorophore, which has a melting
temperature (11.1 °C) below ambient temperature, was
released, resulting in significant fluorescence recovery.
The prepared 11-5 DNAzyme-based fluorescent sensor was

used to monitor the fluorescence increase over time in
selection buffer with the addition of Mn2+ at different
concentrations. As shown in Figure 2B, the fluorescence signal
gradually increased with increasing concentrations of Mn2+.
The observed rate of fluorescence enhancement was
accelerated with additional Mn2+, until saturation at ∼1 mM
Mn2+. The dissociation constant (Kd) was 420 ± 12 μM
(Figure 2C). A good linear relationship between them was

observed with Mn2+ concentration lower than 100 μM (Figure
2D), which facilitated the detection of Mn2+ in biological
systems, given that Mn2+ is in tens of micromolar range in
living cells.60 To further determine the selectivity of the 11-5
DNAzyme-based fluorescent sensor for Mn2+, we monitored its
response to other competing metal ions. As shown in Figures
2E and S7, compared with Mn2+, all the competing metal ions
exhibited negligible changes in the fluorescence signal,
suggesting that the 11-5 DNAzyme-based fluorescent sensor
has excellent selectivity for Mn2+. The selectivities of 11-5
DNAzyme for Mn2+ at 0.1 mM against Ca2+, Mg2+, and Zn2+
was 480-, 174-, and 320- fold, respectively. Considering that
Mg2+, Ca2+, and K+ are in high concentration under
physiological conditions, we tested the fluorescence intensity
of this sensor after incubation with metal ions in high
concentration for 2 h. As shown in Figure S8, compared with
0.2 mM Mn2+, 140 mM K+, and 2 mM of other competing
metal ions caused little fluorescence enhancement except that
Pb2+ interfered a little. Given that lead is not an essential trace
element for the human body,61 it would not interfere with
Mn2+ detection in cells. In addition, many DNAzymes have
been reported to have Mn2+ dependency or use Mn2+ to
facilitate high catalytic activity. Their selectivity for Mn2+
against other metal ions, however, is unsatisfactory. We
compared the selectivity of 11-5 DNAzyme with the widely
used 8-17 DNAzyme40,41,63,64 and 10-23 DNAzyme,37,38,62

which are also responsive to Mn2+. Under the same condition
with 11-5 DNAzyme, both 8-17E DNAzyme (Figure S9) and
10-23 DNAzyme (Figure S10) were responsive to Mn2+, Pb2+,
Zn2+, Mg2+, and Cd2+, exhibiting much poorer selectivity for
Mn2+ against other metal ions. All these results indicated that
11-5 DNAzyme could be regarded as an ideal sensor for
intracellular Mn2+ sensing.
Intracellular Delivery of 11-5 DNAzyme

To explore the application of this Mn2+-specific DNAzyme in
intracellular sensing of Mn2+, we used lipofectamine 3000, a
commercial transfection reagent for DNA and siRNA, to
deliver the DNAzyme-based fluorescent sensor into living cells.
To visualize the internalization of the sensor, only the Cy5-
labeled sensor without quenchers was delivered into human
breast carcinoma cells (MCF-7). As shown in Figure 3A, afterFigure 2. Design, activity, and selectivity of the 11-5 DNAzyme-based

turn-on fluorescent sensor. (A) Schematic illustration of the sensor for
Mn2+ detection. (B) Fluorescence enhancement of the sensor over
time upon addition of different concentrations of Mn2+ in selection
buffer. (C) Initial rate of fluorescence enhancement of the sensor in
Figure B. (D) Linear response of the sensor at Mn2+ concentrations
lower than 0.1 mM. (E) Response of the sensor to Mn2+ and different
competing metal ions.

Figure 3. Intracellular delivery of the 11-5 DNAzyme-based
fluorescent sensor into MCF-7 cells by lipofectamine 3000. (A)
Internalization of the Cy5-labeled sensor without quenchers and its
co-localization with ER-tracker, Golgi-tracker, lysosome-tracker, and
mitochondria-tracker. Numbers inside were Pearson’s correlation
coefficient (PCC) (scale bar: 20 μm). (B) Confocal images of MCF-7
cells transfected with the Cy5-labeled substrate and Cy5/BHQ2-
labeled sensor.
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5 h incubation, high delivery efficiency of the DNAzyme sensor
into the cytoplasm was achieved. To further confirm
localization of the sensor inside cells, we stained the cells
with subcellular organelle trackers. It could be seen that Cy5-
labeled sensor overlapped well with ER-tracker (PCC = 0.69)
and mitochondria-tracker (PCC = 0.61), but did not co-
localize well with Golgi-tracker (PCC = 0.48) and lysosome-
tracker (PCC = 0.39), suggesting that the sensor was mainly
located in the cytosol and mitochondria. It is frequently
reported that Mn2+ is enriched in mitochondria,65 indicating
the high applicability of this sensor to intracellular Mn2+
detection. Moreover, to investigate the stability of this sensor
during the transfection process, we delivered only the Cy5-
labled substrate and Cy5/BHQ2-labled DNAzyme sensor into
MCF-7 cells. As shown in Figure 3B, compared with the Cy5-
labeled substrate, the DNAzyme sensor showed minimal
background fluorescence after 5 h delivery, ruling out
nonspecific degradation or activation of the sensor during
the delivery process.
Intracellular Mn2+ Imaging Using 11-5 DNAzyme
Next, we used the 11-5 DNAzyme-based fluorescent sensor to
detect Mn2+ in MCF-7 cells. To use a mutant DNAzyme as a
control, we included a site-specific mutation of residues in the
single-stranded region of 11-5 DNAzyme, which resulted in
negligible activity and selectivity (Figure S11). We then
compared the activities of 11-5 DNAzyme, the mutant
DNAzyme, and negative control (containing a noncleavable
substrate) in selection buffer. As shown in Figures S12 and
S13, neither mutant DNAzyme nor negative control responded
to Mn2+ even at high concentration. Toxicity assay indicated
that MCF-7 cells could tolerate up to 3 mM Mn2+ treatment in
5 h (Figure S14). Thus, MCF-7 cells were transfected with
fluorescent sensors and then incubated with Mn2+ below 3
mM. As shown in Figure 4A, with the increase of Mn2+

concentration, the fluorescence signal in 11-5 DNAzyme-
treated cells gradually increased. In comparison, the mutant
DNAzyme (Figure 4B) and negative control (Figure 4C)
displayed no fluorescence increase inside the cells. We further
applied the active sensor to MCF-7 cells treated with different
concentrations of Zn2+. No fluorescence signal was observed
until Zn2+ concentration became toxic to MCF-7 (Figure S15).
In addition, Mn2+ has been discovered to be essential for
cGAS-STING activation in innate immunity.5,6 Its detection in
immune cells would provide an opportunity for discovering
more functions of Mn2+ in the immune response. cGAS-

STING activation triggered by Mn2+ in human acute
monocytic leukemia cells (THP-1) was first demonstrated
(Figure S16). Then, THP-1 cells were transfected with the 11-
5 DNAzyme-based fluorescent sensor and treated with
different concentrations of Mn2+. As shown in Figure S17, a
gradually increased fluorescence signal was observed with the
increase of Mn2+ concentration in the range of cGAS-STING
activation. All these results confirmed the ability of the 11-5
DNAzyme-based fluorescent sensor to sense Mn2+ in tumor
cells and immune cells.
MnOx nanoparticles are becoming popular nanocarriers or

nanoadjuvants for antitumor therapy in recent years.66−68 In
most cases, MnOx need to degrade into Mn2+ in the tumor
microenvironment to perform their function and enhance the
treatment effect. Therefore, a Mn2+-specific sensor would allow
monitoring the degradation and distribution of the MnOx
nanoparticles in living organisms, providing information on
drug release and therapeutic response. To achieve this goal, we
synthesized MnOx nanoparticles in a protocol reported
previously66 and characterized their morphology using
scanning electron microscopy (SEM) (Figure S18). MCF-7
cells were transfected with the 11-5 DNAzyme-based
fluorescent sensor and then incubated with different
concentrations of MnOx nanoparticles. As shown in Figure
5A, an obvious fluorescence signal was observed with 11-5

DNAzyme treatment and MnOx addition, indicating that
MnOx nanoparticles were taken up by MCF-7 cells and
degraded into Mn2+ inside the cells. In comparison, the mutant
DNAzyme (Figure 5B) and negative control (Figure 5C)
exhibited a negligible fluorescent signal inside the cells. All
these results indicated that the 11-5 DNAzyme-based
fluorescent sensor had great potential to monitor the
degradation of manganese-based nanomaterials in vivo and
provided the opportunity for imaging-guided antitumor
therapy.

■ CONCLUSIONS
In conclusion, we have selected a Mn2+-specific RNA-cleaving
DNAzyme, named 11-5, which exhibited exceptionally high
selectivity for Mn2+ over other competing metal ions, especially
Ca2+, Mg2+, and Zn2+ which are similar to Mn2+ and abundant
in cells. Taking advantage of this selectivity, we converted it
into a fluorescent turn-on sensor based on the catalytic beacon
approach. Separation of the metal-binding site and fluorophore

Figure 4. Intracellular imaging of Mn2+ using DNAzyme-based
fluorescent sensors. Confocal images of MCF-7 cells transfected with
11-5 DNAzyme (A), mutant DNAzyme (B), and negative control (C)
upon addition of different concentrations of MnCl2.

Figure 5. Intracellular imaging of MnOx nanoparticles using
DNAzyme-based fluorescent sensors. Confocal images of MCF-7
cells transfected with 11-5 DNAzyme (A), mutant DNAzyme (B),
and negative control (C) upon incubation with different concen-
trations of MnOx nanoparticles.
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avoided the fluorescence quenching by Mn2+. By using
lipofectamine 3000 as the delivery method, the 11-5
DNAzyme-based fluorescent sensor was efficiently delivered
into cells and achieved Mn2+ sensing in immune cells and
tumor cells. Degradation of manganese-based nanomaterials
such as MnOx in tumor cells was also observed. Therefore, the
selected 11-5 DNAzyme has great potential to detect Mn2+ in
the biological systems and provides an excellent tool to
monitor the Mn2+-involved immune response and antitumor
therapy.

■ METHODS

Materials
Metal salts used were NaCl (Alfa Aesar, 99.999%), KCl (Alfa Aesar
99.999%), Mn(CH3CO2)2·4H2O (Alfa Aesar, 99.999%), MnCl2·
4H2O (Sigma, 99.99%), ZnCl2·H2O (Alfa Aesar, 99.99%), Pb-
(CH3CO2)2·3H2O (Aldrich, 99.999%), MgCl2·6H2O (Alfa Aesar,
99.999%), Ca(NO3)2·6H2O (Alfa Aesar, 99.995%), FeCl2 (Alfa Aesar,
99.99%), CdCl2 (Sigma, 99.99%), SrCl2 (Alfa Aesar 99.999%), CoCl2
(Alfa Aesar 99.999%), SnCl2·2H2O (Alfa Aesar 99.99%), NiCl2 (Alfa
Aesar 99.99%), CrCl3 (Sigma, 99.0%), and CuCl2·2H2O (Alfa Aesar
99.99%). Other chemicals used to prepare different solutions were
EDTA·2Na·2H2O (Fisher Scientific), urea (Affymetrix, MB grade),
Tris (Affymetrix, MB grade), and boric acid (Fisher Scientific,
electrophoresis grade). Acrylamide/bisacrylamide 40% solution
(29:1) was obtained from Bio-Rad Laboratories, Inc. T4-polynucle-
tide kinase, Taq DNA polymerase, and deoxynucleotide (dNTP)
solution mix were obtained from New England Biolabs. 32P labeled α-
ATP and γ-ATP for DNA radiolabeling were obtained from
PerkinElmer. α-ATP worked the same as dATP at a much higher
concentration, and it was embedded into DNA. γ-ATP was labeled on
the 5′ end of DNA. One molecule of DNA was labeled with one
molecule of γ-ATP. All PCR and 32P-labeling experiments were
carried out in the Bio-Rad thermocycler. The selection buffer was
made as a 10× solution of 50 mM Bis-Tris (Sigma, 99.0%) containing
300 mM sodium chloride (Alfa Aesar, 99.999%) at pH 6.8. 100 mM
manganese acetate was prepared fresh every time as Mn(II) metal-
stock solution for positive selection. NaOH (Alfa Aesar, 99.996%)
and HCl (Alfa Aesar, 36.5%) were used to adjust pH of buffer
solutions with a Fisher Scientific Accumet AB15 pH meter. All buffer
and gel stock solutions were prepared with a Milli-Q water
purification system (Billerica, MA, USA) with an electrical resistance
>18.3 MΩ.
In Vitro Selection
The in vitro selection method was originally reported by Breaker and
Joyce in combination with the denaturing PAGE-based separation
method. The initial random pool was generated using the PCR
machine (C1000 Touch Thermal Cycler from Bio-Rad Laboratories,
Inc). 0.1 μM counter template and 1 μM rP-rA primer were mixed
with the PCR mixture containing 0.2 mM dNTPs, 6 U/100 μL Taq.
and 3 μL of [α-32P]-dATP in a volume of 3 mL and subsequently
divided into 96 PCR tubes. After 17 cycles of extension, the generated
PCR products were precipitated by adding 10% of a 3 M sodium
acetate solution (pH 5.2) and 2.7 × volume of cold ethanol. The
samples were then stored at −80 °C overnight. Finally, the DNA
samples were centrifuged, washed, and lyophilized.

Dried DNA samples were dissolved in deionized water. To purify
the DNA pool, a 10% denaturing PAGE gel was used with 1 × TBE
(Tris, Boric acid, EDTA) as the running buffer. The DNA pool was
mixed with an equal amount of stop buffer (50 mM EDTA, 8 M urea,
0.05% xylene cyanol, 0.05% bromophenol blue, 1 × TBE) and
subjected to the PAGE gel purification. Radioactive DNA size markers
corresponding to the cleaved (87-mer) and intact (110-mer) pool
were added alongside. After electrophoresis, the gel was taken out and
covered with a plastic wrap. Then radioactive location markers were
placed on top of the gel and exposed to a phosphorimager cassette for
about 15 min. The exposed film was imaged on a Molecular Dynamics

Storm 430 Phosphorimager (Amersham Biosciences). The DNA
band corresponds to the 110-mer marker on the gel was excised,
crushed in a centrifuge tube, and extracted with an extraction buffer
containing 10 mM Tris, 0.1 mM EDTA, and 300 mM sodium
chloride. Gel particles in the extraction buffer were frozen at −80 °C
over 10 min and then thawed in a room-temperature water bath over
5 min to improve extraction efficiency. The solution was centrifuged
to acquire gel free solution containing DNA. DNA samples were
finally ethanol precipitated.

The dried pool after the initial pool generation was dissolved in 1 ×
selection buffer and incubated for 2 h without addition of any divalent
metal ions as the initial negative selection for the first selection round.
After the negative step, uncleaved DNA pools were PAGE-purified
and subjected to the subsequent positive selection which was carried
out by incubating the DNA pool with 500 μM manganese acetate for
2 h. After the positive step, cleaved DNA pools were PAGE-purified
and used as a template for PCR amplification reactions. Two steps of
PCR reactions were needed to regenerate selection pools. PCR1 was
performed to convert the cleaved DNA sequence into the initial
counter template. PCR2 was performed to convert the counter
template into the rA-containing pool for the next round selection.

From R1 to R7, negative selections were carried out by incubating
the DNA pools in the selection buffer for 2 h without addition of any
divalent metal ions. From R8 to R11, negative selections were
replaced by counter selections which were performed by incubating
the DNA pools in the selection buffer with addition of 0.5 mM Zn2+,
0.5 mM Cu2+, 0.1 mM Pb2+, 10 mM Mg2+, and 10 mM Ca2+ for 2 h.
Positive selections in the whole selection process were carried out by
treating the DNA pools with 0.5 mM Mn2+ in the selection buffer, and
the reaction time was gradually shortened to increase the stringency of
positive selections to search for more efficient DNAzymes. All
selection reactions were stopped by adding an equal amount of stop
buffer. All amplification reactions were carried out by PCR. All PAGE
purifications were carried out using 10% PAGE gels.

Eleventh round pool was submitted to Sangon Biotechnology
(Shanghai, China) for next-generation sequencing (NGS). We
analyzed the obtained sequences with an abundance ratio bigger
than 1% (top16) and tested the activity and selectivity of those in
classic DNAzyme structure to find the best Mn2+-specific DNAzymes.

Gel-Based Activity Assays

In order to monitor the enhancement of DNA pools with Mn2+-
specific DNAzymes in the selection process, gel-based activity assays
were performed after the third round of the selection. Single-stranded
DNA pools from each round selection were PCR amplified and
internally labeled with 32P. After PAGE purification, the PCR
products were dissolved in selection buffer and incubated with
Mn2+ or other competing metal ions. Each reaction was initiated by
adding an equal volume of 2 × metal solution into the DNA pool in 2
× selection buffer. At known time points, an equal amount of stop
buffer was added. Finally, the cleaved and uncleaved DNA pools were
separated on a 10% PAGE gel and imaged using a Molecular
Dynamics Storm 430 Phosphorimager (Amersham Biosciences). The
fraction of cleavage was calculated using Image Quant software
(Molecular Dynamics).

32P-labeled cis-cleaving 11-5 DNAzyme was used to detect its
activities to Mn2+ in the way mentioned above. Its selectivity to
different manganese salts or different metal ions was carried out in a
different way. 1 μL of concentrated Mn2+ or other metal ions were
added into 9 μL of cis-cleaving 11-5 DNAzyme (1 μM), and the
mixture was incubated at room temperature. After 2 h incubation, 2
μL of 6 × loading buffer containing 30 mM EDTA, 36% glycerol,
0.035% xylene cyanol, and 0.05% bromophenol blue (Takara, China)
was added. The cleaved DNA strands were separated on a 12% PAGE
gel. The gel was then stained with GelRed (Biotium) and imaged as
well as analyzed using a Bio-Rad ChemiDoc XRS+ System.
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Preparation of the Fluorescent Sensor and Mn2+ Detection
in Selection Buffer
The BHQ2-labeled enzyme strand and Cy5 as well as BHQ2-labeled
substrate strand were mixed with a ratio of 1.2:1 in selection buffer.
The mixture was annealed by heating the solution to 95 °C in a water
bath for 5 min followed by slowly cooling down to room temperature
overnight, to form the fluorescent sensor with a final concentration of
100 nM. Concentrated Mn2+ or other metal solutions were quickly
mixed with the prepared sensor, and the fluorescence change was
continuously monitored on a fluoromax-4 spectrofluorometer
(HORIBA JobinYvon, Edison, NJ) with an excitation wavelength of
630 nm and an emission wavelength of 631 nm. The initial rate of
fluorescence enhancement was measured by using a linear fit to plot
the change in fluorescence intensity for the first 6 min after Mn2+
addition. Selectivity of the fluorescent sensor for Mn2+ was studied by
recording its fluorescence changes upon addition of different metal
ions (Mn2+, Mg2+, Ca2+, Sr2+, Sn2+, Co2+, Ni2+, Cu2+, Zn2+, Cd2+, Fe2+,
Pb2+, Cr3+, K+, and NH4

+) at different concentrations.

Preparation of the Intracellular Fluorescent Sensor
The 11-5 enzyme strand labeled with BHQ2 (Enzyme-BHQ2) was
mixed with the substrate strand labeled with Cy5 and BHQ2 (Cy5-
Substrate-BHQ2) with a ratio of 1.5−1.0 in selection buffer. The two
DNA strands were then annealed by heating the solution to 95 °C in a
water bath for 5 min followed by slowly cooling down to room
temperature overnight to form the 11-5 DNAzyme-based fluorescent
sensor for cell imaging.

Preparation and Characterization of MnOx Nanoparticles
0.2 g of KMnO4 was dissolved in 100 mL of distilled water, and the
solution was fleetly stirred at room temperature for about 0.5 h. Two
milliliters of oleic acid (90%) was then added. The resulting mixture
was reacted at room temperature for 10 h. A crude brown-black
product was finally collected. The product was centrifuged and
washed several times with deionized water and alcohol to remove any
possible residual reactants. SEM (SU8100) was used to characterize
the morphology of the prepared MnOx nanoparticles.

Fluorescent Sensor Delivery and Colocalization Study
For the delivery of DNAzyme-based fluorescent sensors, we used
lipofectamine 3000 (Invitrogen by Thermo Fisher Scientific) as the
transfection reagent. 2 × 105 MCF-7 cells were seeded in a 35 mm
confocal dish and incubated for another 24 h to be 70−90%
confluent. 5.5 μL of lipofectamine 3000 was diluted into 250 μL of
Opti-MEM (Gbico). Annealed DNAzyme sensors were also diluted
into 250 μL of Opti-MEM. Then diluted lipofectamine 3000 and
DNAzyme sensors were mixed (1:1 ratio) and incubated at room
temperature for 10−15 min. Finally, half of the mixture was mixed
with 750 μL of cell media and incubated with cells for 5 h.

After incubating MCF-7 cells with DNAzyme sensors for 5 h, cells
were washed thoroughly with D-PBS three times. Delivered
DNAzyme sensors were labeled with Cy5 (648−750 nm, λex 633
nm). Subcellular organelles inside cells were stained with commercial
dyes, such as ER-Blue (428−630 nm, λex 405 nm), Golgi-Green
(492−555 nm, λex 488 nm), Lyso-Green (492−630 nm, λex 488 nm),
and Miti-Green (492−555 nm, λex 488 nm). Images were obtained on
a confocal microscope (ZEISS LSM 710). The pinhole and gain
settings were kept constant throughout the whole imaging process.

Fluorescence Imaging of Intracellular Mn2+

2 × 105 MCF-7 cells were seeded in a 35 mm confocal dish and
incubated for another 24 h. After washing with D-PBS, cells were
transfected with 250 nM 11-5 DNAzyme, mutant DNAzyme, or
negative control-based fluorescent sensor using lipofectamine 3000
reagent. After 5 h incubation, the culture medium was discarded, and
the cells were washed thoroughly with D-PBS to remove excess
sensors. Then the cells were further incubated with different
concentrations of MnCl2 or MnOx nanoparticles in 1 mL of culture
medium. After 4 h incubation, cells were washed with D-PBS and
subjected to confocal microscope imaging (ZEISS LSM 710).
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