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Abstract: DNAzymes have attracted increasing interest in developments of gene tools, therapies,
and biosensors. Among them, G-quadruplexes are widely used as the key structure elements of
DNAzymes to activate the catalytic competency of specific cofactors, such as hemin, but there is a
great demand to diversify DNAzymes using other more straightforward DNA structures such as
fully matched duplex (FM-DNA). However, the perfect base pairs in duplex limit the DNAzyme
activity. In this work, a photocatalytic DNAzyme was developed by introducing an abasic site (AP
site) into duplex (AP-DNA) to switch its photocatalytic activity. Palmatine (PAL), a photosensitizer
from natural isoquinoline alkaloids, served as a cofactor of the DNAzyme by binding at the AP
site. The AP site provides a less polarized environment to favor the PAL fluorescence. As a result,
dissolved oxygen was converted into singlet oxygen (1O2) via energy transfer from the excited PAL.
The oxidation of substrates by the in situ photogenerated 1O2 served as a readout for the DNAzyme.
In addition, the duplex-based DNAzyme was engineered from FM-DNA by the cascade uracil-
DNA glycosylase to generate AP-DNA. Our work provides a new way to construct duplex-based
DNAzymes.
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1. Introduction

DNAzymes have found wide applications including DNA/RNA cleavage, biodevices,
and sensors [1–10]. Activities of these DNAzymes are dependent on the elaborate DNA
structures for the specific binding of cofactors such as metal ions, hemin, etc. However,
there is a great demand to develop DNAzymes with straightforward DNA structures, for
example, the classic duplex. During a base excision repair (BER) pathway for damaged
bases, an abasic site (AP site) can be produced in duplex and it can be then recognized by
specific nucleases [11]. Furthermore, the AP site-containing DNAs provide binding cavities
for ligands to recognize this site and develop novel sensors [12–15]. We expect that the AP
site will functionalize duplex via a simple way for establishing, such as, novel DNAzymes.

The photosensitization of DNAs is now attracting much interest as it becomes an
alternative method for the treatment of cancers [16–22]. In this aspect, the most investigated
DNA structures are G-quadruplexes (G4s) [23–28]. The specific binding of G4s activates
photosensitizers with the potential to develop photocatalytic DNAzymes for photodynamic
therapy. The photosensitizers activated by G4s thus become fluorescent with a resultant
long-lived excited state and there is an increased chance of transferring electrons or energy
to the dissolved oxygen to produce reactive oxygen species (ROS). However, there are
some detrimental factors with this DNAzyme which limit its wide applications. Firstly,
particularly guanine-rich sequences are required to form the G4 structures. It is well-known
that guanine is the most easily oxidized base among all of the bases. Therefore, there exists
a tendency to break the G4-based DNAzymes by charge transfer between guanine and
the excited photosensitizers. Secondly, specific cations (such as K+) are usually needed
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to stabilize the G4 structures. This will confine the G4-based DNAzyme applications to
a special circumstance. Thirdly, only macrocyclic compounds (such as porphyrins) are
usually used as the G4-binding photosensitizers. There is a great demand for developing
variant photosensitizers for expanding photocatalytic DNAzymes.

It has been reported that natural isoquinoline alkaloids (NIAs) can bind with fully
matched duplex DNAs (FM-DNAs) with a moderate activity to produce ROS (such as
1O2) [29], as NIAs exhibit considerable biological activities [30,31]. However, we previously
found that NIAs have an obviously enhanced binding with DNAs containing an AP site
(AP-DNA) in comparison to FM-DNAs [12]. This opens an avenue to develop duplex-
based photocatalytic DNAzymes with an improved activities. In this work, we reported a
photocatalytic DNAzyme using the AP site as the active site for the first time.

2. Materials and Methods

Materials and reagents. DNAs (Table 1) were synthesized using TaKaRa Biotechnology
Co., Ltd. (Dalian, China) and purified by HPLC (with purity of ~95%). DNA concentrations
were measured by first dissolving DNA in pure water and detecting the UV absorbance at
260 nm using extinction coefficients calculated by nearest neighbor analysis. Metal nitrate
salts were purchased from Aladdin Reagent Co. (Shanghai, China). Palmatine (PAL),
berberine (BER), sanguinarine (SAN), chelerythrine (CHE), and uracil-DNA glycosylase
(UDG) were obtained from Sigma Chemical Co. (St. Louis, MO, USA). Coptisine (COP)
and jatrorrhizine (JAT) were purchased from Aladdin Reagent Co. (Shanghai, China).
Epiberberine (EPI) and worenine (WOR) were obtained from Huicheng Biological Tech-
nology Co. (Shanghai, China) and Sichuan Weikeqi Biological Technology Co. (Chengdu,
China), respectively. Singlet oxygen sensing green (SOSG) was purchased from Haoran
Biotechnology Co., Ltd. (Shanghai, China). LEDs were purchased from Aijia Electronic
Technology Co., Ltd. (Xuzhou, China). Other reagents were of analytical grade (Sigma
Chemical Co., St. Louis, MO, USA) and used without any purification. Milli-Q water
(18.2 MΩ; Millipore Co, Billerica, MA, USA) was used in all of the experiments.

Table 1. DNAsequences used in this work.

Name Sequence Remark

AXA-A 5′-ATGGTGAXAGCAGCG-3′

3′-TACCACTATCGTCGC-5′ X = AP site

AXA-C 5′-ATGGTGAXAGCAGCG-3′

3′-TACCACTCTCGTCGC-5′ X = AP site

AXA-G 5′-ATGGTGAXAGCAGCG-3′

3′-TACCACTGTCGTCGC-5′ X = AP site

AXA-T 5′-ATGGTGAXAGCAGCG-3′

3′-TACCACTTTCGTCGC-5′ X = AP site

FM-DNA 5′-ATGGTGATAGCAGCG-3′

3′-TACCACTATCGTCGC-5′

AUA-A 5′-ATGGTGAUAGCAGCG-3′

3′-TACCACTATCGTCGC-5′

Fluorescence and DNAzyme measurements. Fluorescence was measured using a FLSP920
spectrofluorometer (Edinburgh Instruments Ltd., Livingston, UK) at 20 ◦C, which was
equipped with a temperature-controlled circulator (Julabo Labortechnik GmbH, Seelbach,
Germany). A quartz cell with a path length of 1 cm was used as the cuvette. Duplex was
incubated with ligand for 30 min before fluorescence measurement. For the DNAzyme test,
substrate was added to the DNA/ligand solution and the resultant solution was irradiated
using an LED source for a desired time with a distance of 13 cm away from the chamber.
Control experiments were carried out by checking any of the factors in determining the
DNAzyme. If not specified, 20 mM phosphate containing 60 mM K+ at desired pH (PBS)
was used as buffer. For UDG experiments, the mixture of AUA-A and PAL in 1 × UDG
reaction buffer was incubated with UDG for the desired time, then PBS was used to adjust
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pH to 9.0 before the PAL fluorescence was measured. The substrate was then added into
the UDG treated solution, and the light irradiation was applied for the desired time before
oxidation product of the substrate was monitored by fluorescence.

Absorption spectra and DNAzyme measurements. Absorption spectra were determined
using a UV2550 spectrophotometer (Shimadzu Corp., Kyoto, Japan), equipped with a
temperature-controlled circulator (Julabo Labortechnik GmbH, Seelbach, Germany) at
20 ◦C. 500 µM substrate containing duplex/PAL or PAL was treated with or without
illumination of a blue LED for the desired time before acquiring the absorption spectra.

DNA melting measurements. DNA melting was measured using the UV2550 spec-
trophotometer (Shimadzu Corp., Kyoto, Japan) but equipped with a TMSPC-8 Tm analysis
system in 20 mM PBS buffer (60 mM K+, pH 9.0). A micro multi-cell with eight chambers
(100 µL in volume) was used as the cuvette. This system can simultaneously control all
chambers with little temperature deviation. The absorbance at 260 nm, as a function of
solution temperature, was collected between 5 and 100 ◦C in 0.5 ◦C increments, with a
30-s equilibration time applied after each temperature increment. The obtained data were
normalized according to the melting fraction α and the melting temperature (Tm) of DNA
was acquired by a sigmoidal fitting with α = 0.5.

3. Results and Discussion
3.1. Duplex-Based DNAzyme with the AP Site as the Active Site

We have previously reported that PAL, an NIAs can be used as an excellent probe to
target the AP site with a turn-on fluorescence response [12]. The interaction of PAL with
FM-DNA and AP-DNAs (Table 1) was first investigated by fluorescence. In AP-DNAs, the
AP site (X) was flanked by adenines and opposed by any of bases (Y). Thus, we named them
AXA-Y (X = AP site; Y = A, C, G, T). Indeed, in comparison with FM-DNA, 100-fold stronger
PAL fluorescence was observed when interacting with AXA-T and AXA-C (Figure 1A),
while AXA-G and AXA-A caused approximately 80-fold increases in the PAL fluorescence.
These results imply that the AP site is just the main binding site of PAL. The observed
fluorescence dependency on Y is caused by the cavity size provided by the AP site. The
smaller sized pyrimidines (Y = T, C) will provide a larger void than purines (Y = A, G) to
better accommodate PAL within the AP site [12]. Therefore, AP-DNAs have the potential
to serve as better photocatalytic DNAzymes than FM-DNA, as previously demonstrated
for FM-DNA/PAL ensemble for the low efficiency of ROS production.

Amplex Red (AR) was herein used as the substrate of photocatalytic DNAzymes, since
its oxidation product (ARox) is fluorescent with a high fluorescence quantum yield [32].
The solutions were irradiated using an LED lamp (15 W) with a central wavelength of
around 365 nm, at which PAL can be excited. As shown in Figure 1B, after illumination
for 20 min, the characteristic fluorescence band of ARox appears at 580 nm (excitation
wavelength at 540 nm), which can be distinguished from the fluorescence band of PAL at
around 516 nm. It was observed that the presence of FM-DNA caused no effect on the ARox
fluorescence band, while AXA-T otherwise caused a significantly stronger fluorescence
response, indicating that AP-DNA played a decisive role in operating the DNAzyme.
When the solution was not irradiated, the ARox fluorescence band was not observed even
in the presence of AXA-T, indicating that the DNAzyme is driven only by light. The
irradiation time-dependent evolution of the ARox fluorescence (Figure 1B) indicates that
the photocatalytic kinetics of DNAzyme in the presence of AXA-T is 8.8-fold faster than
that obtained with FM-DNA (Figure 1C). In addition, we also examined the effect of the
light sources (15 W) including blue LED (450–460 nm), cyan LED (490–500 nm), green
LED (520–530 nm), and orange LED (600–610 nm). Only the blue LED was also efficient
in driving the DNAzyme (Figure 1D), since it also covers the excitation range of PAL,
as indicated in the excitation spectra of Figure 1A. As expected, the DNAzyme activity
was directly proportional to the fluorescence behavior of PAL in binding with AP-DNAs
(Figure 1E). These results imply that the microenvironment near the AP site directly defines
the DNAzyme activity.
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Figure 1. (A) Normalized fluorescence (left) excitation and (right) emission spectra of PAL (2 µM) 
in the absence and presence of DNAs (1 µM). The excitation spectra were monitored with emission 
at 515 nm and the emission spectra were obtained with excitation at 360 nm. (B) Normalized emis-
sion spectra of ARox produced by photocatalyzed oxidation of AR on different conditions, respec-
tively. Excitation: 540 nm. The solutions were irradiated using a UV LED (15 W) with the central 
wavelength at 365 nm for 20 min. (C) Evolution of the ARox fluorescence with illumination time. 
(D) Dependency of the DNAzyme activity on the LED light source. (E) Photocatalyzed ARox fluo-
rescence in the presence of DNAs with irradiation for 20 min. Experimental conditions for (A–E) (20 
mM PBS buffer, pH 9.0, 60 mM K+): DNA at 1 µM; PAL at 2 µM; AR at 10 µM. (F) Effect of solvent 
polarity on PAL fluorescence at 516 nm. Excitation: 365 nm. Experimental conditions: PAL at 10 µM, 
the organic solvent contains 1% water. Inset: the emission spectra of PAL in organic solvents. 
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Figure 1. (A) Normalized fluorescence (left) excitation and (right) emission spectra of PAL (2 µM) in
the absence and presence of DNAs (1 µM). The excitation spectra were monitored with emission at
515 nm and the emission spectra were obtained with excitation at 360 nm. (B) Normalized emission
spectra of ARox produced by photocatalyzed oxidation of AR on different conditions, respectively.
Excitation: 540 nm. The solutions were irradiated using a UV LED (15 W) with the central wavelength
at 365 nm for 20 min. (C) Evolution of the ARox fluorescence with illumination time. (D) Dependency
of the DNAzyme activity on the LED light source. (E) Photocatalyzed ARox fluorescence in the
presence of DNAs with irradiation for 20 min. Experimental conditions for (A–E) (20 mM PBS buffer,
pH 9.0, 60 mM K+): DNA at 1 µM; PAL at 2 µM; AR at 10 µM. (F) Effect of solvent polarity on PAL
fluorescence at 516 nm. Excitation: 365 nm. Experimental conditions: PAL at 10 µM, the organic
solvent contains 1% water. Inset: the emission spectra of PAL in organic solvents.

It was expected that the property of the surrounding environment should affect the
PAL fluorescence behavior, since PAL becomes emissive when binding with AP-DNA.
Therefore, we explored the effect of the solvent polarity on the PAL fluorescence in water,
DMSO, methanol, acetonitrile, acetone, dioxane, tetrahydrofuran, and n-butanol (polarity
decreases in the order). PAL is soluble in these solvents. As shown in Figure 1F, it seems that
the solvents with high polarity decrease the PAL fluorescence. Therefore, in comparison to
FM-DNA, the AP site in AP-DNA provides a less polarized environment to accommodate
PAL and to activate the PAL fluorescence. These less polarized environment in AP-DNA
would favor an energy or electron transfer from the excited PAL to dissolved oxygen to
generate ROS [29] that catalytically oxidize the substrate.

To confirm the substrate diversity of the AP-DNA-based DNAzyme, we also tested the
substrate of 3,3′,5,5′-tetramethylbenzidine (TMB) that is commonly used in the G4/hemin
DNAzyme. TMB can be oxidized by the G4/hemin DNAzyme in the presence of H2O2
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to a colorimetric product (TMBox). As shown in Figure 2A, after 30 min irradiation
using the LED lamp, the solution of PAL incubated with AXA-T exhibits the characteristic
absorption spectrum of TMBox with absorption bands peaked at 370 nm and 660 nm
(curve a), respectively [33]. However, FM-DNA with light irradiation (curve b) and AXA-T
without light irradiation (curve d) were totally inefficient to catalyze the TMB oxidation.
Furthermore, PAL alone in solution without the presence of DNA cannot also cause the
TMBox absorption bands (curve c). The activity of the AP site-switched DNAzyme can be
clearly observed by the naked eye with a blue appearance for only the solution containing
AXA-T under light irradiation (inset of Figure 2). The irradiation time-dependent evolution
of the TMBox absorption (Figure 2B) at 660 nm indicates that the photocatalytic kinetics
of DNAzyme in the presence of AXA-T is 60-fold faster than that obtained with FM-DNA
(estimated by the linear response portion). Therefore, this DNAzyme can also be operated
in a colorimetric manner.
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T+PAL+light illumination, (b) FM-DNA+PAL+light illumination, (c) PAL+light illumination, and (d) 
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Figure 2. (A) Absorption spectra of photocatalysis oxidation of TMB on conditions of (a) AXA-
T+PAL+light illumination, (b) FM-DNA+PAL+light illumination, (c) PAL+light illumination, and
(d) AXA-T+PAL+no light illumination, respectively. Illumination with a blue LED (450–460 nm)
for 30 min. Inset: photographs of these solutions. (B) Evolution of the TMBox absorption with the
illumination time. Experimental conditions for (A,B) (PBS buffer, pH 9.0, 60 mM K+): AXA-T and
FM-DNA at 3 µM; PAL at 5 µM; TMB at 500 µM.

3.2. Optimized Conditions of DNAzyme

AR was used as the substrate to check the factors that affect the DNAzyme perfor-
mance. We found that the DNAzyme activity monitored by the ARox fluorescence increased
with increasing the solution pH up to 9.0 (Figure 3A), suggesting that alkaline conditions
favor the AR oxidation. In addition, increasing in the PAL concentration enhanced the
DNAzyme activity and the 1:1 concentration ratio of PAL to AXA-T almost saturated the
DNAzyme activity (Figure 3B). This was caused by the strong binding of PAL with the AP
site by a 1:1 mode [12]. The AR concentration-dependent experiments (Figure 3C) demon-
strated that 10 µM AR was enough to maximize the ARox fluorescence for irradiation of
20 min, indicating the high activity of the DNAzyme. We also investigated the effect of
identity of NIAs on the DNAzyme activity. However, JAT, SAN, BER, EPI, COP, WOR, and
CHE manifested lower DNAzyme activities than PAL (Figure 3D), although they have a
similar structure skeleton (Figure 3E). This is consistent with our previous observation that
among these NIAs, PAL is the strongest fluorescence emitter when binding with the AP
site-containing DNAs.
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3.3. Mechanism of the DNAzyme

According to the above results, we expected that the DNAzyme would work via the
pathways of ROS that were produced by energy or electron transfer from the excited PAL to
dissolved oxygen. The produced ROS should be singlet oxygen (1O2), hydrogen peroxide
(H2O2), superoxide (O2

−·), or even hydroxyl radicals (·OH) that can subsequently oxidize
substrates. To verify this mechanism, we carried out experiments by adding extra ROS
scavengers during light irradiating the AXA-T/PAL/AR solution. However, the usage of
mannitol and benzoquinone as the ·OH and O2

− scavengers [32] did not affect the resultant
ARox fluorescence (Figure 4A), indicating that ·OH and ·O2

−· are not the pathways to



Chemistry 2023, 5 1503

drive the DNAzyme. Furthermore, in the absence of AXA-T, PAL, and light irradiation,
an extra addition of H2O2 did not directly oxidize AR (Figure 4A). This indicates that
the DNAzyme cannot photocatalyze the production of H2O2. Interestingly, the presence
of tryptophan, a common scavenger for 1O2 [32,34], lowered the fluorescence of ARox
(Figure 4B), indicating that the DNAzyme works via the photoproduction of 1O2.
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scavengers was used as control. H2O2 (500 µM) was directly added into the AR solution without AXA-
T and PAL, and no light irradiation was applied. (B) Effect of the addition of different concentration
of tryptophan on the ARox fluorescence during light irradiation. Experimental conditions (20 mM
PBS buffer, pH 9.0, 60 mM K+): AXA-T at 1 µM; PAL at 2 µM; AR at 10 µM. (C) Fluorescence
evolution of the SOSG solution containing AXA-T and PAL upon increasing the light irradiation time.
(D) Fluorescence responses at 525 nm under conditions of (1) AXA-T+PAL+SOSG, (2) PAL+SOSG,
and (3) SOSG alone under the 60 min light irradiation and without light irradiation, respectively.
Experimental conditions for (A–D) (20 mM PBS buffer, pH 9.0, 60 mM K+): AXA-T at 2 µM; PAL at
4 µM; SOSG at 1 µM. (E) Schematic diagram of the AP-DNA-based DNAzyme.
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SOSG was used to further verify the 1O2 pathway. SOSG is a specific probe with
a high selectivity for 1O2 relative to ·OH and ·O2

− [35]. During light irradiation to the
AXA-T/PAL solution, the substrate of AR was replaced by SOSG. Indeed, the characteristic
fluorescence band corresponding to the oxidation product of SOSG at 525 nm gradually
increased with increment of the light irradiation (Figure 4C). The control experiments
(Figure 4D) showed that the light irradiation was necessary to increase the 525 nm band,
and the absence of either AXA-T or PAL caused a negligible change on the 525 nm band
regardless of whether there was light irradiation or not. These facts clearly indicate that
when binding to the AP site in duplex DNA, the excited PAL can transfer the energy to
dissolved oxygen to produce ROS 1O2. Then, the substrate is oxidized by 1O2 (Figure 4E).

3.4. Stability of the DNAzyme

The DNA melting (Tm) measurements were used to check the DNAzyme stability
before and after light irradiation by monitoring the absorption of DNA at 260 nm as a
function of the solution temperature. As shown in Figure 5, AXA-T alone in solution had
a Tm value of about 40 ◦C, which was not changed even under the light irradiation for
30 min. Furthermore, with the presence of two equivalent PAL, the Tm value increased to
about 46 ◦C, and the light irradiation for 30 min did not alter this Tm value, indicating that
PAL associated with the AP site and the photogenerated 1O2 did not destroy the duplex
structure. The further addition of AR under light irradiation and without light irradiation
also kept the AXA-T stability constant (Figure 5).
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3.5. Switch of the DNAzyme Activity Using Cascade UDG

The high DNAzyme activity of AP-DNA, with respect to FM-DNA, provides a means
to switch on the DNAzyme activity of FM-DNA using cascade UDG. We designed a
duplex of AUA-A with a uracil opposite an adenine (Table 1) in the middle of the duplex.
Upon incubation of AUA-A with UDG, a time-dependent fluorescence increase of PAL
was observed. The PAL fluorescence was also dependent n the UDG dosage (Figure 6A).
These results imply that UDG can remove the uracil from AUA-A to produce the AP
site-containing AXA-A in favor of the PAL binding. Thus, the DNAzyme activity of FM-
DNA can be imagined using the cascade UDG activation. After the UDG treatment to
AUA-A for 3 h, the light irradiation was then applied for AR oxidation and the irradiation
time-dependent ARox fluorescence was observed (Figure 6B), indicating the switch of
the DNAzyme activity for FM-DNA after the UDG treatment. This will diversify the
duplex-based DNAzyme construct.
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Figure 6. (A) Fluorescence evolution of PAL in the presence of AUA-A upon increasing the the UDG
concentration. Experimental conditions (20 mM UDG reaction buffer, pH 8.0): AUA-A at 1 µM; PAL
at 2 µM. (B) Fluorescence evolution of AR in the presence of AUA-A, PAL and UDG upon increasing
the light irradiation time. Experimental conditions: AUA-A at 1 µM; PAL at 2 µM; UDG at 1 U/mL.
After incubation with UDG in 20 mM reaction buffer (pH 8.0, 60 mM K+) for 3 h, the solution was
adjusted to pH 9.0 using PBS buffer for the light irradiation of different times.

4. Conclusions

In this work, we proposed a duplex-based DNAzyme using an AP site as the active
site. PAL, as a photosensitizer, had a strong binding at the AP site. The less polarized
environment of the AP site can activate the PAL fluorescence. The excited PAL thus has
a chance to transfer energy to dissolved oxygen to generate ROS of 1O2. The in situ
photogenerated 1O2 can then catalyze the oxidation of substrates. The DNAzyme has a
good stability during operation. In addition, UDG can be used to engineer FM-DNA with
an inserted uracil to generate AP-DNA. Therefore, the DNAzyme activity of FM-DNA can
be switched by the cascade UDG activation. Since the AP site is always produced in living
cells, our work provides a new insight into the duplex-based DNAzyme and promises
advanced applications in, for example, photodynamic therapy (PDT), and biosensors.
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