Downloaded via TSINGHUA UNIV on November 5, 2022 at 17:33:45 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

IEJAPPLIED MATERIALS

XINTERFACES

www.acsami.org Research Article

An Autocatalytic DNA Circuit Based on Hybridization Chain
Assembly for Intracellular Imaging of Polynucleotide Kinase

Yushi Wang,% Yingying Chen,” Yeqing Wan, Chen Hong, Jinhua Shang, Fengzhe Li, Xiaoging Liu,
and Fuan Wang*

Cite This: ACS Appl. Mater. Interfaces 2022, 14, 31727-31736 I: I Read Online

ACCESS | Ll  Metrics & More ’ Article Recommendations | @ Supporting Information

ABSTRACT: Polynucleotide kinase (PNK) plays an essential role in
various cellular events by regulating phosphorylation processes, and
abnormal homeostasis of PNK could cause many human diseases. Herein,
we proposed an autocatalytic hybridization system (AHS) through the

elaborate integration of hybridization chain assembly (HCA) and catalytic

DNA assembly (CDA) that enables a highly efficient positive feedback 7Ny é= —
amplification. The PNK-targeting AHS biosensor is composed of three ( ( )
modules: a recognition module, an HCA amplification module, and a CDA \_/ -
autocatalytic module. In the presence of PNK, the recognition module could Y
transform the PNK input into an exposed nucleic acid initiator (I). Then the : 5 ;

initiator strand I could trigger the autonomous HCA process in the T v RS
amplification module, and the resulted HCA products could reassemble the RGN Nucleus

split CDA trigger strand T, subsequently inducing the CDA process in the

autocatalytic module to form abundant DNA duplex products. Consequently, the embedded initiator strand I was liberated from the
CDA duplex product to autonomously trigger the new rounds of HCA circuit. The rational integration and cooperative cross-
activation between the HCA and CDA module could prominently accelerate the reaction and realize the exponential amplification
efficiency by initiator regeneration. As a result, the self-sustainable AHS amplifier could implement the sensitive detection of PNK in
vitro and in biological samples and further fulfill accurate monitoring of the intracellular PNK activity and the effective screening of
PNK inhibitors. This work paves a way for exploiting highly efficient artificial DNA circuits to analyze low-abundance biomarkers,
holding great potential in biochemical research and clinical diagnosis.

KEYWORDS: polynucleotide kinase, hybridization, fluorescence, amplification, imaging

1. INTRODUCTION including DNA-based switches,"> motors,’® and reaction
networks.!” Nevertheless, intracellular visualization of PNK is
still restricted on account of the unsatisfactory sensitivity of
these DNA machines. Thus, it is imperative to exploit highly
sensitive methods for in vitro analysis and in situ visualization
of intracellular PNK.

Isothermal enzyme-free DNA amplification circuits have
aroused enormous interest in the detection of biomarkers by
virtue of their excellent signal amplification efficiency, such as
hybridization chain assembly (HCA),'®*™*' entropy-driven

Polynucleotide kinase (PNK) as a vital intracellular protein
kinase could catalyze the phosphorylation reactions of 5'-
hydroxyl termini of DNA/RNA in the presence of adenosine
triphosphate (ATP).'”* Because of its biological role in
regulating phosphorylation processes, PNK has established
great significance in various cellular events, including DNA
replication, recombination, and repairing.s’6 Recently, mount-
ing evidence manifests that the abnormal homeostasis of PNK

is closely connected to many human diseases,7’8 which has . 22-24 / 25—27
become a potential biomarker for clinical diagnostics and catalysis (EDC), catalytic DNA assembly (CDA),

biomedical research. Conventional methods such as auto- and dzego_)é)Irlbozyr'nﬁ-lnc}lluced hydrollyﬁtlc cleavag? (D,NAi

radiography,” polyacrylamide gel electrophoresis (PAGE),">"" zyme). Especially, the HCA amplifier presents less signa

and %a dica}lf, isotc? r};lp-l bl‘?’ i B l, g leakage for sensing purposes and has attracted extensive
pe abeling techniques, © have already

been employed for PNK detection. However, their further
applications are immensely hampered because of cumbersome Received:  May 13, 2022
steps, time consumption, and radioactive hazards. Because of Accepted: June 21, 2022
its appealing feature on high predictability, programmability, Published: July 5, 2022
and biocompatibility, DNA is emerging as an ideal component

for engineering functional probes to detect biomarkers.'”"*

Various DNA machines have been devised for PNK sensing,
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Figure 1. Schematic illustration of autocatalytic hybridization system for detection and imaging of PNK.

attention. In a typical HCA circuit, the target could activate the
assembly of the hairpins to form long dsDNA polymers via
toehold-mediated strand displacement.”” > The HCA circuits
are particularly suitable for in situ visualization of biomarkers
because the as-obtained DNA polymers tethering to initiators
could efficiently prevent diffusion of the amplified output
signals away from the target sites. To date, a lot of methods
based on HCA circuits have been successfully applied in the
detection of PNK in vitro.’® However, traditional HCA
amplifiers are severely limited by a linear amplification capacity
and an insufficient generation of initiators, which is incapable
of accomplishing reliable quantification and visualization of
PNK. To resolve it, HCA-based cascaded circuits were
constructed to satisfy the demands of higher sensitivity by
integrating with different amplification circuits.”” Owing to the
endogenous low abundance of PNK, the stacked configuration
format still exhibited inadequate signal amplification depth.
Positive feedback circuits with exponential dynamics are a
promising method for advancing the amplification efficiency,
which could achieve the explosive-like autocatalytic generation
of the initiator.”®*”** CDA could produce short duplex DNA
products, ™" where is featured on facile design and rapid
reaction kinetics, thus making it an ideal candidate to integrate
with the HCA circuit to build an autocatalysis-driven positive
feedback system. The initiator-regeneration strategy could
improve the biosensing performance, facilitating the develop-
ment of self-sustainable nucleic acid circuits for in situ
monitoring intracellular PNK that are still seldom explored.
Herein, we proposed an autocatalytic hybridization system
(termed AHS) for the detection and imaging of PNK. The
AHS amplifier involved three modules: a recognition module,
an amplification module, and an autocatalytic module. The
recognition module is aimed to build a bridge between the
target analyte PNK and the nucleic acid circuit. A caged probe
Hp is introduced, which can be phosphorylated by PNK and
then disintegrated by A Exo; thus, the input of PNK can be
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transformed into an exposed nucleic acid initiator (I).
Subsequently, in the amplification module, the liberated
initiator triggers the isothermal autonomous HCA process,
where the hairpins cross-hybridized and produced long duplex
DNA assemblies. Note that the HCA products induce the
reassembly of the split CDA trigger (T), which could lead to
stable DNA duplex product via the CDA process in the
autocatalytic module. The numerous duplex CDA products
liberate abundant HCA initiators that are initially blocked in
the CDA hairpin. These newly self-produced HCA initiators
can autonomously trigger the new rounds of HCA circuit,
leading to highly efficient positive feedback to the HCA
amplifier. As a result, the programmed autocatalytic AHS
circuit allows the self-sustainable HCA and CDA process to
achieve exponential signal amplification, which is expected to
fulfill highly sensitive and specific detection of PNK in cell
lysates and live cells. Overall, the AHS strategy could offer a
promising tool for the detection and in situ imaging of low-
abundance biomarkers, which possesses considerable prospects
for clinical analysis and disease diagnostics.

2. EXPERIMENTAL SECTION

2.1. Materials. All DNA oligonucleotides were synthesized and
HPLC purified (Sangon Biotech). The specific sequences of these
DNA are provided in Table S1. Polynucleotide kinase (PNK), lambda
exonuclease (4 Exo), Hpall, APE1, and CpG methyltransferase (CpG
MTase) were obtained from New England BioLabs. Ammonium
sulfate ((NH,),S0O,), disodium phosphate (Na,HPO,), bovine serum
albumin (BSA), adenosine triphosphate (ATP), thrombin, and
adenosine diphosphate (ADP) were obtained from Sigma-Aldrich.

2.2. Evaluation of PNK Activity and Inhibitor Screening.
PNK can catalyze the phosphorylation and degradation reaction of
auxiliary probe Hp with the assistance of 4 Exo. Hairpin Hp (4 yuM)
was heated (95 °C, 5 min) and then cooled to 25 °C for 2 h (fast
annealing, in Tris buffer, containing 20 mM Tris, 20 mM MgCl,, pH
8.0). 1 uM Hp, 0.2 U/mL 4 Exo, and PNK varied from 0 to 2.5 U/mL
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Figure 2. (A) Kinetics of AHS circuit without (curve a) or with (curve b) 20 nM initiator I via the fluorescent intensity of FAM fluorophore. (B)
Native PAGE characterization of the proposed AHS amplifier: (a) H;—H,, (b) H,—H,+I, (c) H;—Hy, (d) H;—H4+T, (e) H,—Hg, and (f) H,—
H¢+1L (C) Fluorescence spectra of the AHS reaction without (curve AHS) or with (curve AHS+I) 20 nM initiator I and the nAHS system without
(curve nAHS) or with (curve nAHS+I) 20 nM initiator I after 3 h, respectively. (D) Quantified fluorescence intensity variations in (C). Error bars

are calculated from the data of three parallel experiments.

were incubated in a buffer (according to the manufacturer’s protocol)
with addition of 0.05 mM ATP (37 °C, 90 min).

For the PNK inhibitor assay, the AHS system was treated with each
inhibitor at different concentrations in the incubation buffer. The
relative activity (RA) of PNK was calculated by the equation

RA = (Enhibitor - Fno PNK)/(Fno inhibitor — Fno PNK)
where Fjpiior a0d Fg jnnibitor Tefer to the fluorescence intensity with
and without PNK inhibitor treatment, respectively, and F, pny is the
fluorescence intensity without PNK.

2.3. Fluorescence Analysis. Each hairpin probe (H;—H,) was
diluted to 4 uM in the buffer (10 mM HEPES, 50 mM MgCl,, 1 M
NaCl, pH 7.2) and then fast annealed. In the fluorescence assay, the
AHS circuit consisted of six hairpin reactants H,—Hg (200 nM), the
initiator strand I (20 nM), or the dual-enzyme-treated auxiliary probe
Hp (50 nM). The AHS circuit was operated at 25 °C for 3 h. For the
assays in the cell lysates, the target PNK was replaced with HeLa cell
lysates during the enzyme incubation process. The fluorescence
intensity variations (AF) were calculated by AF = F — Fy = F,q —
Finitial‘

2.4. Polyacrylamide Gel Electrophoresis. In 9% native
polyacrylamide gel electrophoresis (PAGE), the concentration of
Hp was fixed at 1 yuM during the PNK recognition module. The AHS
circuit was reacted in the buffer consisting of H;—H, (200 nM) and
20 nM initiator I (or SO nM dual-enzyme incubated Hp) at 25 °C for
3 h. The GelRed-stained gel was characterized under 365 nm UV
irradiation with the aid of FluorChem FC3.

2.5. Intracellular Imaging Experiment. HeLa cells (Human
cervical cancer cells, from Shanghai Institutes for Biological Sciences)
were plated and then cultured in DMEM (10% FBS, 37 °C, 24 h).
The transfection of the PNK-targeting AHS biosensor was performed
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in two steps. First, Hp (100 uM, 1 uL) and 4 Exo (5000 U/mL, 2 uL)
were transfected into cells for 2 h. Cells were washed with PBS buffer;
subsequently, hairpins H;—Hg (100 4M each, 1 yL) were incubated
with plated cells for 4 h. For the control experiment of the PNK assay,
HeLa cells were pretreated with H,O,/ADP for 1 h in advance to
regulate the PNK activity in live cells. After removal of the incubation
medium, the cells were washed with PBS three times. The confocal
fluorescence imaging was finally photographed by using a 63X oil-
dipping objective by confocal laser scanning microscopy (CLSM,
Leica TCS-SP8). All quantitative data of CLSM images were
calculated by Image]J software.

2.6. Flow Cytometry Analysis. Cells were seeded and suspended
in 300 uL of PBS after transfection (12-well plates). The flow
cytometry measurements were performed by a cytoFLEX system
(Beckman Coulter, US). All quantitative calculations of flow
cytometry data were operated on Flow]Jo software.

3. RESULTS AND DISCUSSION
3.1. Principle of the PNK-Targeting AHS Biosensor.

To establish a self-sustainable nucleic acid circuit for the
sensitive biosensing of PNK, an autocatalytic hybridization
system (AHS) was devised as illustrated in Figure 1. The PNK-
targeting AHS biosensor contains three parts: a recognition
module, an HCA amplification module, and a CDA
autocatalytic module. The recognition module could respond
to the target PNK. By the sequential PNK-mediated
phosphorylation and A Exo-assisted digestion, the initiator
sequence (I) could be liberated from the auxiliary probe Hp.
Thus, the input of PNK can be associated with the HCA
amplicon. The HCA amplification module comprised four
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Figure 3. (A) Schematic illustration of the PNK-targeting AHS biosensor. (B) Real-time fluorescence analysis of the AHS-based PNK analysis
containing (a) dual PNK/A Exo-treated Hp, (b) PNK-treated Hp, (c) A Exo-treated Hp, and (d) Hp alone. (C) Fluorescence spectra of the AHS-

based PNK analysis after 3 h. (D) Native PAGE analysis.

hairpin probes: H;, H,, H;, and H,. Of note, the CDA trigger
(T) was split into two functional units separately connected on
hairpins H, and Hy. In the amplification module, the exposed
initiator (I) could hybridize with the toehold domain d of H;
to form duplex I-H;. The unfolded hairpin H; thus induced
the cross-hybridization of four hairpin probes H;, H,, H;, and
H, through toehold-mediated strand displacement reaction,
ultimately resulting in long dsDNA nanowires I—(H;-H,-H;-
H,)y (Figure S1). The HCA products promoted the
reassembly of the split CDA trigger (T) on hairpins H, and
H,, regenerating as domains d-a-b. The downstream CDA
autocatalytic module consisted of two hairpins, Hy and Hy,
where the upstream HCA initiator I was encoded in hairpin Hy
(Figure S2). Subsequently, numerous reassembled CDA
trigger T hybridized with toehold d* of hairpin Hg; the
newly exposed region b of Hy then unfolded Hg via branch
migration, causing the continuous assembly of a DNA duplex
H;'Hg and the regeneration of countless trigger T for CDA.
The stable duplex CDA product liberated plenty of initiator I
sequences, and each copy of I could reversely devote to the
upstream  HCA assembly process, producing continuous
positive feedback. Therefore, the elaborately AHS circuit
facilitated the production of abundant HCA triggers, which
allowed the self-sustainable HCA and CDA processes to
accomplish exponential signal amplification. At the same time,
fluorophores FAM (as donor) and TAMRA (as acceptor) were
modified at 5" and 3’ termini of Hj, respectively. Initially, the
fluorescence of FAM was efliciently quenched by TAMRA
through proximity-induced Forster resonance energy transfer
(FRET) transduction. Upon the addition of analyte PNK, the
continuous assembly of HCA hairpins caused the separation of
fluorophore pairs FAM/TAMRA in hairpin Hj; thus, the
exponentially amplified “turn-on” signal readouts of fluoro-
phore FAM were collected. This AHS circuit was anticipated
to achieve great improvements toward the detection and
imaging of low expression level of intracellular PNK.
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3.2. Feasibility Analysis of the AHS Circuit. To validate
the feasibility of our proposed AHS circuit, a fluorescence assay
was conducted under the optimized conditions (Figures S3—
S6). As shown in Figure 2A, without the addition of initiator
strand I, an extremely low fluorescence signal was obtained,
indicating that all these involved metastable hairpins could
coexist independently without the analyte (curve a). Instead,
the incubation of initiator I caused intense recovery of FAM
fluorescence (A, = 488 nm, A, = 520 nm), continuously
increased fluorescence readouts were observed, and the
fluorescence intensity reached equilibrium at about 3 h,
indicating the autocatalytic hybridization process (curve b).

Native PAGE was further executed to validate the feasibility
of the AHS system (Figure 2B). No obvious new band was
observed for the mixture of four HCA hairpin reactants in the
amplification module (lane a) as well as for the mixture of two
CDA hairpin reactants in the autocatalytic module (lane c). In
the absence of initiator strand I, an almost invisible new band
occurred for the AHS circuit (lane e). Thus, the HCA
reactants and CDA reactants showed a pretty good non-
reacting stability in the AHS system, with exceedingly low
background signals, while high-molecular-weight polymer-
ization products were obtained in the HCA process by adding
initiator I (lane b). Similarly, the CDA process was also
activated by trigger T, generating a strong band of duplex Hg*
Hg in lane d. These results demonstrated the successful design
of the programmed HCA and CDA circuits. In the integrated
AHS circuit, after the addition of initiator I, new bands with
much lower mobility appeared (lane f), including the HCA and
CDA products. As anticipated, the fluorescence and PAGE
assays collectively supported the highly efficient operation of
the AHS circuit, paving a way for the sensitive analysis of PNK.

Autocatalysis as a kinetic phenomenon often produces
sigmoidal intensity—time profiles when the fluorescence
intensity of the fluorophore is used to report the product
concentration.”*” The fluorescence kinetics assay in Figure

https://doi.org/10.1021/acsami.2c08523
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Figure 4. (A) Illustration of the PNK detection with the AHS and nAHS amplified circuit. (B) Fluorescence spectra of the AHS biosensor for
analyzing PNK of different concentrations. (C) Calibration curves of the fluorescence intensity change as a function of PNK concentration in the
proposed AHS (red curve) and nAHS (black curve) circuit. Inset: the corresponding linear calibration curve of AHS circuit with the concentration
of PNK ranges from 0.0025 to 0.125 U/mL. (D) Fluorescence intensity (at 4 = 520 nm) of AHS-based PNK biosensor induced by blank control
and competing analytes: (a) blank, (b) Hpall, (c) devitalized PNK, (d) BSA, (e) APE], (f) CpG MTase, (g) thrombin, and (h) PNK. Error bars

are calculated from the data of three parallel experiments.

2A indeed confirmed the autocatalytic phenomenon of our
AHS circuit. The reaction dynamic was slightly slow initially
and then accelerated distinctly with an increase in the product
concentration. On the contrary, the fluorescence signal did not
exhibit any obvious change without initiator I over the same
temporal scale.

To further testify the positive-feedback amplification
mechanism of the AHS circuit (Figure S7), a nonautocatalytic
hybridization system (nAHS) was introduced as the control
experiment, where the initiator region in hairpin Hg was
replaced with poly T to inhibit the positive feedback effect of
the CDA circuit in autocatalytic module (Figure S8). As a
result, the nAHS system could represent the traditional HCA
circuit with linear amplification capacity.*® Upon the addition
of initiator strand I, the AHS sensor exhibited a dramatically
increased fluorescence intensity, while an almost negligible
fluorescence signal was obtained for nAHS (Figures 2C, 2D,
and S9), thus revealing drastically enhanced signal amplifica-
tion efficiency of the positive-feedback AHS circuit. In
addition, several different hairpin-excluded experiments were
also conducted in Figure S10. Only when all hairpin reactants
(H,, H,, H;, H,, Hy, and Hg) were present can the AHS circuit
produce a highly amplified FAM signal, implying the
indispensable role of each hairpin probe in the smooth
operation of the AHS circuit.
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3.3. Feasibility Analysis of the PNK-Targeting AHS
Biosensor. Next, to test the PNK sensing performance of the
AHS biosensor, an auxiliary probe Hp was introduced into the
recognition module, which was encoded with the sequence of
initiator I for triggering the HCA circuit (Figure 3A). PNK can
catalyze the transfer of phosphate group from the y-position of
ATP to the S'-hydroxyl termini of Hp to make it
phosphorylate. The 4 Exo can subsequently recognize the 5'-
phosphorylated Hp and degrade its nucleotides from the
double-stranded portion to expose L*’ Without the PNK-
assisted 5’-phosphorylation, merely 4 Exo cannot cleave probe
Hp of S'-hydroxylation. On the basis of this principle, the
recognition module can convert the PNK input into the
nucleic acid strand I to initiate the positive-feedback AHS
circuit, thus facilitating the sensitive detection and imaging of
PNK.

Both fluorescence and native PAGE assays were utilized to
affirm the feasibility of the AHS biosensor for PNK analysis. As
expected, an obvious new band was only observed when both
PNK and 1 Exo were present simultaneously (Figure S11),
indicating the collaborative function of these two enzymes for
the phosphorylation and cleavage of auxiliary probe Hp.
Consistently, upon the addition of both PNK and A Exo, a
notable increase in fluorescence signal was attained in Figures
3B and 3C (curve a). The kinetic analysis illustrated that the
time-dependent fluorescence enhancement reached saturation
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within 3 h. Yet hardly discriminable fluorescence signals were
captured without PNK or A Exo over the operating time, as
shown in Figures 3B and 3C (curves b—d). Moreover, the
native PAGE also displayed distinct new bands for bulky HCA
products and CDA duplex products, under the coexistence of
PNK and 4 Exo (Figure 3D). Collectively, it validated that the
phosphorylation and degradation of Hp could liberate the
initiator I to motivate the AHS circuit, laying the foundation
for PNK sensing.

3.4. Assessment of the PNK Detection Performance
for the AHS Biosensor. To ensure the optimal conditions for
PNK detection, the dosages of ATP and A Exo were carefully
optimized as well as the incubation temperature and duration
for enzymes PNK and A Exo (details in Figure S12). Having
optimized the operating conditions of the AHS biosensor,
PNK detection performance was examined by the fluorescent
assay (Figure 4A). As illustrated in Figure 4B, a gradually
enhanced fluorescence intensity of FAM was observed in
response to continuously increased concentrations of the target
PNK, ranging from 0 to 2.5 U/mL. A linear relationship was
acquired between the fluorescence intensity values and PNK
concentrations from 0.0005 to 0.01 U/mL (R* = 0.988, Figure
4C), from which a limit of detection of 2.98 X 10™* U/mL was
calculated (30/slope). Because the positive-feedback function
was inhibited by replacing the feedback unit with poly T, the
nAHS system with linear amplification capacity only achieved a
limit of detection of 0.065 U/mL (Table S2). Therefore, the
positive-feedback AHS circuit with exponential amplification
efficiency possessed higher sensitivity, which was more

31732

favorable to the detection and imaging of low expression
level of PNK.

Aside from sensitivity, the selectivity of the AHS circuit for
PNK detection was also explored by incubating probe Hp with
the target PNK and a series of interfering proteins (Hpall,
devitalized PNK, BSA, APE1, CpG MTase, and thrombin). As
revealed in Figure 4D, an obviously increased fluorescence
signal was only observed for the active PNK-induced activation
of AHS system (sample h). Yet these interfering proteins
produced negligible fluorescence signal alteration, which was
comparable to the blank control with low fluorescence
background (samples a—g). These data supported that the
as-designed AHS circuit exhibited a good selectivity to PNK
against other interfering proteins.

3.5. Screening of PNK Inhibitors. PNK inhibitors have
drawn immense attention due to their vital roles in various
biological processes. On the basis of the highly sensitive PNK
detection capability of the exponentially amplified AHS
biosensor, we further utilized it to screen PNK inhibitors.
Three kinds of kinase inhibitors were selected, including ADP,
(NH,),S0,, and Na,HPO,, which were reported to inhibit
PNK by decreasing the affinity between the enzyme and its
substrates but have no inhibition effect on 4 Exo0.”>”' Not
surprisingly, along with the increasing concentration of ADP,
the relative activity of PNK drastically decreased. The ICs,
value of ADP was calculated to be as low as 0.28 mM (Figure
SA). It was envisioned that the PNK-catalyzed phosphor-
ylation process was reversible, and the transfer of the 5'-
phosphate group on polynucleotides to ADP to form ATP
could also occur in the presence of both high-concentration
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ADP and 5'-phosphorylated DNA. As for Na,HPO, and
(NH,),S0,, the IC;, values were estimated to be 2.12 and 1.11
mM, respectively (Figures SB and SC). These calculated values
were comparable to those reported in the literature.””">*
Figure 5D showed the varied inhibitory effects of these above-
mentioned three different PNK inhibitors at the same
concentration of 1 mM. ADP brought about a more effective
inhibition effect on the activity of PNK compared with
(NH,),SO, and Na,HPO,. These results conclusively
announced that the proposed AHS circuit could be employed
as a sensitive tool for the screening of PNK inhibitors,
facilitating PNK-related medical research.

3.6. Visualization of PNK in Live Cells. Motivated by the
prominent PNK sensing property and good stability of AHS
circuit in vitro (Figure S13), we sought to assess its
performance in complex biological samples, for example, cell
lysates. HeLa cells were chosen and lysed. According to Figure
S14, a linear correlation was obtained between fluorescence
intensity deviation (AF) and the dosage of total protein in the
range 10—100 ng. The fitting linear equation was AF = 2.68¢ +
112 (R* = 0.992). These results firmly corroborated the
potential of the as-constructed AHS biosensor to analyze PNK
in complex samples.

Thanks to the mild reaction conditions and good
biocompatibility of the nucleic acid-based AHS circuit, we
further evaluated its applicability in live cell imaging. HeLa
cells were selected as the model system. The incubation
duration of the AHS biosensor was first optimized by flow

cytometry analysis. The fluorescence signal of FAM continually
accumulated and reached a saturation value at 4 h, which was
chosen as the optimal transfection time (Figure S15). The cell
imaging was directed by CLSM. To trace the mechanism of the
AHS biosensor, the intact AHS system, A Exo-expelled AHS
system, and Hp-expelled AHS system were respectively
transfected into HeLa cells. According to Figure S16, an
appreciable FAM signal was recorded in cells treated with the
intact AHS system. As a control, rather faint fluorescent signals
were observed in cells treated with the 4 Exo- or Hp-expelled
AHS system. The flow cytometric quantification showed
significantly diminished fluorescence signal in HeLa cells by
transfecting 4 Exo-expelled AHS system and Hp-expelled AHS
system (Figure S17), which further supported the above cell
imaging results. Thus, it was deduced that the successive PNK-
mediated phosphorylation and 1 Exo-assisted degradation of
Hp were of fundamental importance to the efficient operation
of the functional PNK biosensor.

Next, the AHS biosensor was further extended to monitor
the activity of intracellular PNK, based on its high sensitivity
for PNK detection. H,0O, was used to stimulate HeLa cells to
upregulate the expression level of cellular PNK by prompting
the breaking of DNA strands.>>>* Meanwhile, ADP, the above-
mentioned PNK inhibitor, was selected to downregulate the
activity of PNK through inhibiting the forward phosphor-
ylation reaction. Compared with the intact cells treated with
AHS circuit (sample b, Figure 6A), a more intensified
fluorescence response was captured in the H,O,-motivated
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cells (sample a, Figure 6A). Yet a dramatically attenuated
fluorescence signal was observed in the ADP-pretreated cells
(sample c, Figure 6A). These data conclusively elucidated that
the intelligent AHS biosensor could fulfill the sensitive
monitoring of PNK.

To validate the superiority of the AHS circuit with
exponential amplification capability in imaging low-abundance
biomarkers, a nonfeedback nAHS system was applied as a
control, which only possessed linear amplification capacity. As
anticipated, a much weaker fluorescence signal was obtained in
the nAHS circuit-treated cells (sample d, Figure 6A), in sharp
contrast with that of the cells treated with the AHS circuit
(sample b, Figure 6A). Quantitatively, the fluorescence
intensity in cells incubated with AHS circuit was about a 3-
fold increase compared to that of the nAHS circuit-treated
cells, further highlighting the benefit of the positive-feedback
AHS circuit in enhancing the imaging sensitivity (Figure 6B).
A flow cytometry assay was also performed on HeLa cells to
further support the above cell imaging results. Similarly, the
quantitative flow cytometry data from a large population of
cells revealed a consistent trend with that observed in CLSM
images (Figure 6C, and 6D). Overall, it was supposed that the
positive-feedback AHS biosensor could accomplish the robust
and sensitive imaging and monitoring of intracellular PNK,
compared with the conventional nAHS circuit. Because of its
superior exponential amplification capability, the AHS circuit
facilitated the potential applications in PNK-related biochem-
istry research and diagnosis, affording an intelligent platform
for the detection and imaging of low-abundance disease
biomarkers.

B CONCLUSION

In summary, we presented a robust and sensitive positive-
feedback AHS biosensor for the biodetection and intracellular
imaging of PNK in living cells. The PNK-targeting AHS circuit
was established by the rational combination of a recognition
module, an HCA amplification module, and a CDA
autocatalytic module. With the aid of an auxiliary probe Hp
and 4 Exo, the target PNK as the input could be transformed
into an exposed nucleic acid initiator (I). Then the initiator
strand T could trigger the autonomous HCA process in the
amplification module, and the resulted HCA products could
reassemble the split CDA trigger strand T, thus inducing the
CDA process in the autocatalytic module to form countless
DNA duplex products. Consequently, the embedded initiator
strand I was liberated from the CDA duplex product to
autonomously trigger the new rounds of HCA circuit. The
rational integration and cooperative cross-activation between
the HCA and CDA module could significantly accelerate the
reaction dynamic and improve the amplification efficiency. As a
result, the self-sustainable AHS circuit could realize highly
sensitive and specific detection and imaging of PNK in cell
lysates and live cells and the effective PNK inhibitor screening.
This work opened up a new avenue to exploit highly efficient
artificial DNA circuits for in situ imaging of low-abundance
biomarkers, which held broad application prospects in
biochemical research and clinical diagnosis.
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