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Chemoresistance, a primary contributor to approximately 90% of cancer-related deaths, stems from the tumor cells’ ability

to endure chemotherapy-induced DNA methylation damage via aberrant upregulation of DNA repair enzymes, such as O°-

methylguanine-DNA methyltransferase (MGMT). Herein, we report a multi-responsive tetrahedral DNA framework (Mr-TDF)

that enables accurate distinguishing of chemoresistant tumor cells through in situ and highly sensitive imaging of MGMT

activity in living cells. The Mr-TDF incorporates four identical multi-responsive DNAzyme probes (Mr) anchored on a DNA

tetrahedral scaffold, with each probe integrating three key modules: MGMT recognition, DNAzyme activation and

fluorescent signal output. Upon MGMT-mediated demethylation of the O%-methylguanine lesion on Mr probe, the

DNAzyme’s catalytic activity is specifically reactivated, resulting in rA-site cleavage and subsequent fluorescence signal

generation. Leveraging the spatial confinement effect of the DNA tetrahedral scaffold, the Mr-TDF achieves highly sensitive

and rapid monitoring of MGMT activity, producing fluorescence signals more than three times stronger in chemoresistant

tumor cells compared to that of chemosensitive counterparts. This study establishes a robust platform for probing epigenetic

dynamics in living chemoresistant cells and offers new avenues for mechanistic investigations and early diagnosis of

chemoresistance.

Introduction

Active surveillance of chemoresistance is essential for

improving clinical efficacy in cancer therapy®2. Currently, most
for chemoresistance

methods rely on

and protein-expression

assessing

genomic/transcriptomic  analyses

assays such as mRNA quantification, immunohistochemistry,
and enzyme-linked immunosorbent assay3-. These approaches

generally demand specialized sequencing equipment®,

extensive experimental procedures’, and destructive

processing procedures®, which lead to the loss of spatial and
temporal information and poor compatibility with in situ
cellular analysis. More importantly, macroscopic changes in
genomic alterations and mRNA levels cannot directly and

accurately reflec®!!, thereby limiting their translational

potential for timely clinical decision-making.
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Epigenetic plasticity, a dynamic and multilayered regulatory
process, is a central driver of chemoresistance, because it
modulates base-level chemical modifications that reprogram
gene expression without altering the underlying DNA
sequencel?14, Forinstance, alkylating chemotherapeutic agents
induce DNA damage that triggers apoptosis!®>, whereas
chemoresistant tumor cells evade this effect through enhanced
DNA repair activitys'®'’, In particular, O®-methylguanine-DNA
(MGMT)
chemoresistance by removing alkyl adducts from the OS-

methylguanine lesions'®1%, thereby serving as a predictive

methyltransferase directly  contributes to

biomarker of chemoresistance?°-22, Conventional methods such
as ELISA can quantitatively assess MGMT via antigen—antibody
interactions?324, however, their limited sensitivity and inability
to resolve intracellular localization restrict their use for
analyzing MGMT in living cells.

Advances in DNA molecular engineering have enabled the
development of DNAzyme modules?®, which leverage inherent
programmability and catalytic turnover to overcome the
limitations of conventional biosensing technologies, positioning
them as a powerful platform for intracellular applications?6-28,
For example, by rationally engineering methylation-responsive
sites within DNAzymes, one can achieve dynamic tracking of
MGMT activity in living cells??>. However, conventional linear
duplex DNAzymes3%3! are hindered by poor cellular uptake

efficiency and short intracellular retention, which impede
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accurate detection of low-abundance targets. Furthermore,
free molecular diffusion restricts the encounter efficiency
between sparse DNAzyme species and their targets, resulting in
a significant slowdown of the sensor’s kinetic response. In
contrast, with rigid ordered
dimensional structure exhibit robust cellular internalization and

DNA frameworks three-
high intracellular stability, serving as scalable scaffolds for
precise anchoring of functional probes at vertex sites3233, This
architecture not only extends probe internalization and
retention, but also creates a confined nanoscale environment
that increases local probe concentration. With this knowledge
in mind, it is considered that incorporating DNAzyme modules
into a DNA tetrahedron scaffold represents a promising strategy
for rapid, sensitive in situ visualization and selective recognition
of low-abundance MGMT in cancer cells.

In this work, we developed a multisite-responsive tetrahedral
DNA framework (Mr-TDF) based fluorescent biosensor for real-
time and sensitive imaging of MGMT in living cells, which
enabled efficient distinction of chemoresistance in glioblastoma
cells. The Mr-TDF integrates four identical multi-responsive
DNAzyme probes (Mr) precisely anchored at the vertices of a
tetrahedral DNA scaffold. Each probe couples an 0°-
methylguanine-modified DNAzyme MGMT
recognition with a hairpin substrate module for fluorescence
signal output. This innovative design not only enhances the

domain for

intracellular delivery and retention of Mr probes, but also
accelerates reaction kinetics toward MGMT, thereby facilitating
real-time monitoring of MGMT activity in living cells.

Results and discussion
Design and Construction of Mr-TDF for Monitoring MGMT Activity

The Mr-TDF frameworks integrate four identical multi-responsive
DNAzyme probes (Mr) within a tetrahedral DNA framework (TDF), as
depicted in Scheme 1A. Each Mr probe serves as a sensing element
for MGMT and consists of two functional domains: (i) an O°-
methylguanine-modified DNAzyme (Me-DNAzyme) unit, whose
catalytic activity can be restored through MGMT-mediated
demethylation, and (ii) a hairpin (HO) unit containing an rA site and a
fluorescent donor-quencher pair of FAM-BHQ1 for signal output. The
TDF acts as a nanocarrier, anchoring the four Mr probes to provide
high stability and accelerate reaction kinetics for MGMT detection.
As illustrated in Scheme 1B, the enzymatic activity of Me-DNAzyme
within the Mr-TDF is initially suppressed by the Of-methylguanine
inhibitory group, keeping the HO fluorescence quenched. Upon the
presence of MGMT, the O8-methylguanine inhibitory group is
removed, thereby reactivating the DNAzyme to cleave HO substrate
and generate a strong fluorescence signal. This cascade enables in
situ spatial imaging of MGMT activity and accurate discrimination of
chemoresistant tumor cells (Scheme 1C).

To validate the structure of the Mr-TDF framework, we assembled
a tetrahedral DNA hairpin complex by anchoring four HO hairpins
onto TDF via base-pair hybridization, with the resultant assembly
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denoted as TDH. As illustrated in Fig. 1A, the TDH, construction

he

involves two main processes. The TDF is first Forméd BiPanngaling 1A
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Scheme 1. Schematic illustration of the Mr-TDF frameworks for
sensitive and selective imaging of MGMT in chemoresistant tumor
cells. (A) Design and construction of Mr-TDF using multifunctional
probes and DNA tetrahedron. (B) Working principle of the Mr-TDF for
fluorescent imaging of MGMT. (C) Application of Mr-TDF for
distinguishing chemoresistant and chemosensitive tumor cells.

four single stranded DNAs (T1-T4). Subsequently, the HO hairpins are
hybridized to the TDF vertices. Before the preparation of TDH, the
formation of hairpin HO was optimized under optimal annealing
temperature and duration to minimize dimer formation and the
detailed annealing process is shown in Fig. S1. The assembly process
of TDH was confirmed using PAGE. As shown in Fig. 1B, lane 1
displayed a single band corresponding to the single-stranded DNAT1.
Sequential addition of T2, T3, and T4 in lanes 2 to 4 resulted in
progressively slower migration rates, indicating the stepwise
formation of intermediate DNA assemblies. Notably, lane 4 showed
a brighter band with the lowest mobility, confirming the complete
assembly of the TDF. After incubating HO with the TDF, lane 5
displayed a distinct band with even slower migration, verifying
successful hybridization of the HO hairpins. Furthermore, atomic
force microscopy (AFM) was employed to characterize the TDH
dimensions. The bare TDF particles had a height of 3-4 nm (Fig. 1C
and 1E), while TDF particles hybridized with HO showed an increased
height of 5 nm (Fig. 1D and 1F), which was consistent with the
theoretical expectations for TDH. Collectively, these results
demonstrated the successful formation of the TDH structure.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 1 Construction and characterization of TDH. (A) Assembly
process of the TDH. (B) PAGE analysis for characterization the
assembly process of TDH. (C, D) AFM image of the TDF (C) and TDH
(D) particles. (E, F) AFM cross-sectional profiles of the TDF (E) and
TDH (F) particles highlighted by white lines in the corresponding AFM
images.

Feasibility Assessment of Mr-TDF for Monitoring MGMT Activity

As illustrated in Fig. 2A, Mr-TDF was designed to selectively capture
MGMT through a cascade mechanism, in which MGMT demethylates
the DNAzyme to restore its catalytic activity, subsequently triggering
cleavage of the HO. The feasibility of Mr-TDF for detecting MGMT
activity was evaluated using PAGE (Fig. 2B). The individual HO hairpin
and DNAzyme strand without O°f-methylguanine modification
displayed distinct bands in lanes 1 and 2, respectively. When HO was
mixed with the unmodified DNAzyme strand in the absence of Mn?*,
no new band appeared in lane 3. However, upon adding Mn?* into
this mixture, a diffuse band in lane 4 with faster mobility than intact
HO strand was observed, indicating that HO could be cleaved by the
unmodified DNAzyme strand. In lane 5, the Me-DNAzyme strand
displayed a distinct band with migration similar to that of unmodified
DNAzyme strand in lane 2. Following incubation with MGMT, the
mixture of Me-DNAzyme strand and HO in lane 6 revealed distinct
bands at lower positions, matching the cleavage products seen in
lane 4, which suggests that the MGMT induces demethylation of the
Me-DNAzyme strand, thereby restoring its catalytic activity to cleave
HO. In contrast, without MGMT treatment, the mixture in lane 7
displayed a bright, intact HO band, confirming that the O°S-
methylguanine modification effectively inhibits the catalytic activity
of the Me-DNAzyme strand. These PAGE results collectively
demonstrated that MGMT presence is necessary to restore the
DNAzyme’s activity and enable HO cleavage. Subsequently,
fluorescence spectroscopy was employed to assess the responsivity
of Mr-TDF for MGMT activity detection (Fig. 2C). The pH of reaction
buffer (20 mM Tris-HCI, 20 mM NacCl) was first optimized, and pH 7.5
was identified and used in all subsequent experiments (Fig. S2). As
depicted in Fig. 2D, a pronounced fluorescence signal was observed
upon incubation of Mr-TDF with MGMT, while only a low background
signal was detected without MGMT. Statistical analysis revealed a
significant difference between the two groups (P = 1.33 x 1074,

This journal is © The Royal Society of Chemistry 20xx

Chemical Science

unpaired t test), thereby confirming the feasibility and_reliahility, of
Mr-TDF for MGMT detection. DOI: 10.1039/D6SCO1141A
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Fig. 2 Feasibility verification of Mr-TDF for MGMT detection. (A)
Schematic illustration of the MGMT-mediated activation of
DNAzyme and the subsequent cleveage of HO in Mr-TDF. (B) PAGE
characterization of the DNAzyme cleavage reaction regulated by
MGMT. (C) Schematic illustration of the reaction process of Mr-TDF
for MGMT detection. (D) Fluorescence responses of Mr-TDF with
MGMT and without MGMT in reaction buffer at 37 °C for 2 h. Error
bars are shown as mean + SD (n = 3). Statistical significance was
calculated via Student’s t test. ****P < 0.0001.

Reaction Kinetics of Mr-TDF for MGMT Activity Detection

To investigate the spatial confinement effect of Mr-TDF system, we
compared the reaction kinetics of the confined Mr-TDF and free Mr
probes with equivalent amounts of MGMT-responsive modules using
real-time fluorescence measurements (Fig. 3A and 3B). As shown in
part Il of Figure 3C, upon incubation with MGMT, the free Mr porbes
displayed a slow increase in fluorescence signal, whereas the Mr-TDF
system exhibited a rapid and sustained signal elevation. Based on a
previously reported kinetic model34, the reaction rate constant (k) for
Mr-TDF system was calculated as 2.291 x 103 M~ s7! ,which was 1.8
times higher than that of the free Mr probes. As the reaction
microenvironment and total concentration of MGMT-responsive
modules were kept identical in the free Mr and Mr-TDF systems, we
further examined whether the kinetic enhancement was associated
with substrate binding affinity. Surface plasmon resonance (SPR)
analysis showed that MGMT exhibited comparable K4 values toward
free Mr and Mr-TDF (Fig. S3). This indicates that tetrahedron
confinement had a little effect on substrate affinity, which can be
explained by the fact that the overall structure of the responsive
modules on Mr-TDF remains essentially unchanged with that of free
Mr. Subsequently, to investigate the underlying mechanism for this
kinetic enhancement, collision theory was employed to estimate the
local concentration and corresponding reaction volume using the
equation V = 1/cN. As illustrated in part | of Fig. 3C, the average

J. Name., 2013, 00, 1-3 | 3
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reaction volume of the free Mr probes at 100 nM was estimated to
be 1.66 x 1017 L. As expected, with the introduction of the
tetrahedral DNA frameworks, the reaction volume was reduced to
4.95 x 1020 |, resulting in a local probe concentration of 33.5 uM, a
335-fold increase compared to the free-diffusing Mr system (Fig. 3D,
Part 1). Collectively, these findings demonstrated that the nanoscale
spatial confinement provided by TDF significantly enhances the local
concentration of Mr probes, thereby accelerating the cascade
reaction kinetics.
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Fig. 3 Verification the reaction kinetics of Mr-TDF for monitoring of
MGMT activity. (A, B) Schematic illustration of the sensing
mechanism for free Mr probes system (A) and Mr-TDF frameworks
system (B). (C, D) Normalized real-time fluorescence intensity
profiles for free Mr probes system (C) and Mr-TDF frameworks
system (D) upon addition of 1 uM MGMT in reaction buffer at 37 °C
for 2 h.

Analytical Performance of Mr-TDF for Monitoring MGMT Activity

To assess the analytical performance of Mr-TDF in MGMT activity
sensing, a series of fluorescence experiments were systematically
performed. As shown in Fig. 4A, the fluorescence intensity was
gradually increased with the increase of MGMT concentrations from
0 nM to 3.16 x 103 nM, displaying a positive correlation between
MGMT activity and fluorescence intensity. Additionally, a well-
defined linear correlation within the concentration range of 1-1000
nM was established between fluorescence intensity (/) and the
logarithm of MGMT concentration (lg c), following the regression
equation / = 250 Igc + 475 with the correlation coefficient R of 0.9978
(Fig. 4B). Meanwhile, the limit of detection (LOD) was calculated to
be as low as 0.31 nM. Compared with previously reported MGMT
sensors, our Mr-TDF exhibits broader linear range and lower
detection limit (Table S1). Moreover, the selectivity of the Mr-TDF
system toward MGMT activity detection was further evaluated with
four representative interfering substances (AlkB, FTO, UDG, and
hAAG). As shown in Fig. 4C, in contrast to the strong fluorescence
signal derived from MGMT, the signals induced by these interfering
substances were negligible, even when their concentrations were
100-fold higher than MGMT, demonstrating that high selectivity of
the Mr-TDF toward MGMT. To evaluate the capability of Mr-TDF for

4| J. Name., 2012, 00, 1-3

screening MGMT inhibitors, O-benzylguanine (0°-BG), 3 structural
analog of Of-alkylguanine that irreversibly DRactivates/ MEMTL4jia
active-site alkylation, was employed as a model inhibitor. As shown
in Fig. 4D, with the increase of 05-BG concentration, MGMT activity
detected by the Mr-TDF probe was gradually decreased. The half-
maximal inhibitory concentration (1Cso) was calculated to be 359 nM,
consistent with previously reported values (273 nM)3%, These results
demonstrated that the Mr-TDF not only enables sensitive and
selective detection of MGMT activity but also serves as a promising
platform for screening potential MGMT inhibitors. Furthermore, the
free probe (Mr) exhibited noticeable degradation after 2 h and was
almost completely degraded after 6 h in 10% fetal bovine serum
(FBS), whereas Mr-TDF displayed remarkable structural stability,
with no obvious degradation observed even after 24 h incubation (Fig.
S4). In addition, Mr-TDF maintained a stable functional imaging
window of approximately 8 h inside cells (Fig. S5). These results
demonstrate that the tetrahedral DNA framework significantly
enhances the biostability of the Mr-TDF, thereby ensuring its
structural integrity in subsequent living cell imaging.
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Fig. 4 Analytical performance of the Mr-TDF for monitoring MGMT
activity. (A) Fluorescence response curves of Mr-TDF to MGMT from
0nM to 3.16 x 103 nM in reaction buffer at 37 °Cfor 2 h. Fluorescence
intensity as a function of MGMT concentration. (B) Calibration plot
showing the linear correlation between fluorescence intensity and
MGMT concentrations. Data at 0 nM and 103° nM are shown as
boundary references and excluded from fitting. Error bars are shown
as mean = SD (n = 3). (C) Histogram of AF (/eam — /eiank) intensity in the
presence of different interfering components: uracil DNA glycosylase
(UDG), human alkyladenine DNA glycosylase (hAAG), m°A
demethylases (FTO and AIkB). The concentration for MGMT was 1
nM and all interferents were at 100 nM. Error bars are shown as
mean + SD (n = 3). The significant difference was calculated via
Student’s t test. ****P < 0.0001. (D) Change of relative MGMT
activity in response to increasing concentrations of O8-BG in reaction
buffer at 37 °C for 2 h. Inset: chemical structure of O%-BG. Error bars
represent mean = SD (n = 3).
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Fig. 5 Intracellular imaging of MGMT activity by Mr-TDF. (A)
Schematic diagram of the Mr-TDF system for distinguishing
chemoresistant cells based on MGMT activity. (B) Confocal
fluorescence images of normal cells (MCF-10A), glioblastoma cells
(U251) and temozolomide-resistant glioblastoma cells (U251
MG/TMZ) pretreat with Mr-TDF. Scale bar, 20 um. (C) Schematic
illustration of MGMT activity inhibited by 0%-BG. (D) Confocal
fluorescence images of U251 MG/TMZ cells with or without O%-BG
pretreatment. Scale bar, 20 um. (E, F) Statistical histogram of mean
fluorescence intensities in the FAM channel from Figure 5B (E) and
Figure 5D (F). Error bars are shown as mean + SD (n = 3), where n
denotes three independent biological replicate experiments.
Approximately 50-80 cells per dish were analyzed to ensure
representativeness. The significant difference was calculated via
Student’s t test. ****P < 0.0001.

To assess the capability of Mr-TDF for intracellular imaging of MGMT,
representative cell lines varying MGMT expression levels were
selected (Fig. 5A). Confocal fluorescence imaging was performed on
these different cells after incubation with Mr-TDF (FAM channel) and
nuclear dye (Hoechst channel). As shown in Fig. 5B, the fluorescence
in FAM channel was faint in normal MCF-10A cells and slightly
enhanced in chemosensitive U251 cells, but markedly stronger in
chemoresistant U251 MG/TMZ cells. These observations were
quantitatively corroborated by fluorescence intensity analysis, which
revealed a more than 3-fold increase in the FAM channel signal in
chemoresistant U251 MG/TMZ cells compared to U251 cells, with

This journal is © The Royal Society of Chemistry 20xx
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highly significant statistical differences (P < 0.0001,_Fig, 2E). In
addition, the imaging performance of free NIP!pFobesoanesS Mi-TFDf
was further compared in chemoresistant U251 MG/TMZ cells. The
fluorescence signal from Mr-TDF was approximately 6.7 times
stronger than that of free Mr probes (Fig. S6). Collectively, these
results demonstrated that Mr-TDF effectively enables in situ imaging
and discrimination of chemoresistant tumor cells from
chemosensitive ones based on MGMT activity. To confirm that the
intracellular fluorescent signal specifically arises from MGMT
activity, the MGMT inhibitor 0°-BG was employed to suppress
MGMT in U251 MG/TMZ cells (Fig. 5C). As illustrated in Fig. 5D, U251
MG/TMZ cells without O5-BG treatment exhibited a distinct
fluorescence signal in FAM channel. In contrast, the cells pre-treated
with 0°®BG displayed a marked reduction in fluorescence.
Quantitative analysis confirmed a highly significant difference in
fluorescent intensity between O%-BG-pretreated and untreated U251
MG/TMZ cells (P < 0.0001, Fig. 5F), further validating that the
MGMTinduced fluorescence responses in chemoresistant tumor cell
is mediated by Mr-TDF. Overall, these findings underscored the
precision of Mr-TDF in distinguishing chemoresistant from
chemosensitive tumor cells through sensitive monitoring of MGMT

activity.

Conclusions

In conclusion, we presented a rationally designed fluorescent
biosensor based on Mr-TDF, which enables high-sensitivity and
dynamic in situ visualization of MGMT activity. This approach has
for
distinguishing chemoresistant tumor cells in living cells. The
nanoscale confinement of responsive modules within DNA

demonstrated its efficacy as a rapid and reliable tool

frameworks not only enhances structural stability and response
kinetics in complex biological environments, but also improves key
analytical performance metrics, including linear detection range,
detection limit, and sensitivity, thereby expanding its utility in MGMT
This facilitates precise
discrimination of chemoresistant cells and effective screening of
MGMT gap in monitoring
chemoresistance. Together, the work described herein provides a

activity-based  bioanalysis. advance

inhibitors, addresses a critical

versatile platform for probing resistance mechanisms and informing
future therapeutic strategies.
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the article and its ESI filest and from the corresponding author upon
reasonable request.
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